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SYNOPSIS 

Devi Shanker Misra 
Ph.D. 

Department of Physics 
Indian Institute of Technology, Kanpur 
April 1984 

Determination of the Density of Localized States in 
Well Characterized Thin Films of Hydrogenated Amorphous 
Silicon Prepared by Glow Discharge, 

The discovery by Spear and LeComber that thin 
films of hydrogenated amorphous silicon (a-Si;H) prepared 
by glow discharge of silane gas can be doped, has led to 
an enormous increase in the activity in the area of amor- 
phous semiconductors. The ability to dope, mates a-Si;H 
an interesting material not only from the devices point 
of view but also from the point of view of fundamental 
studies. Among the many useful devices made are the 
a-Si;H based solar cells, which appear to be very promising 
towards the development of a low cost alternative source 
of energy. These technological advances are hanpered by 
problems which require a more complete understanding of 
the physical processes in this material, before they can 
be handled. One of the most well known of these is the 
light induced degradation of a-Si:H observed first by 



Staebler and Wronski in 1977, An exposure to sunlight 
for a few hours changes many major characteristics of 
a-Si;H including dark conductivity, activation energy 
and trapping parameters. The effect is reversible ijpon 
annealing. Clearly, as a first step towards tackling 
such problems, a knowledge of the electronic structure 
of a-Si:H is necessary. Fortunately, such studies which 
are of fundamental interest to physicists, have been more 
fruitful on a-Si;H than the other amorphous semiconductors. 
Consequently, a large number of atterrpts have been made 
to obtain the distribution of localized states in a-Si:H, 

Spear and his collaborators were the first to report 

the distribution of the density of localized states (DOS) 

in a-Si:H. Using field effect measurements, they found 
16 17 1 3 

about lO"^ — lO"^ eV” cm” states near the Fermi level 
(Ep) in undoped a-Si:H. The results show that the 
DOS increases as one moves towards either of the mobility 
edges. They also observed a structure in DOS in the form 
of two peaks, one at 0.4 eV and other 1,2 eV below E^. 

Since then, many attenpts have been made to detect these 
peaks by this and other methods but their presence is as 
yet to be fully confiimed. 

Space charge limited currents (SCLC), steady state 
capacitance measurements as a function of bias, C(V), 



xiii 


frequency/ C{(^ ) , temperature/ C(T) and isothermal capa- 
citance transient spectroscopy (ICTS) have been done on 
a-SirH Schottky diodes by different groups. Steady state 
and transient photoconductivity and deep level transient 
spectroscopy (DLTS) have also been done to obtain the DOS 
in a-Si;H. However/ the DOS obtained by different methods 
do not quite agree with each other. For example/ using DLTS 
the DOS in doped a-Si:H are found to be about 1—2 order of 
magnitude smaller than those obtained by the field effect. 
Results also show a minimum in DOS at 0.45 eV. Interest- 
ingly this is also the position where Spear and LeComber 
obtain a peak in undoped a-Si;H. 

Thermally stimulated currents (TSC) have also been 
measured in a-Si;H to determine DOS and often show pronounced 
structures. 

In order to deduce DOS from the data of various 
measurements/ several simplifying assumptions have to be 
made. For example/ an assumption which is common to all 
the analyses is that the material is homogeneous. However/ 
there is evidence to show that the material is actually 
heterogeneous on a small scale. Similarly/ although the 
presence of surface states is not likely to affect the 
transient measurements/ their neglect in the analysis of 
field effect and steady state capacitance data might lead 
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to discrepancies. Moreover^ it may not be justified to 
compare the results on doped a-Si;H with those on the 
undoped material since the doping may change the DOS. 

Thus, there is a possibility that the different assumptions 
involved in the analyses of various experiments might be 
responsible for the differences in DOS, This can be veri- 
fied by doing several different measurements on a given 
sample of a-Si:H and comparing the DOS obtained. One of 
the objectives of the present work is to measure DOS in 
a“Si:H by several methods and to find out whether it is 
the assumptions involved in the analyses or the differences 
in the sample which give rise to these discrepancies in DOS, 

A glow discharge system is designed and fabricated 
and thin films of a-Si:H are prepared (Chapter 2), These 
are characterised electrically, optically and structurally 
and are highly photoconducting. The Staebler-Wronsld. effect 
is found to be small. Using Pd as the contact, Schottky 
barriers are fabricated and characterized. They show a 
good rectification ratio ('^''lOOO at 1,0 V), barrier height 
(4>^^’0,8 - 0,95 eV) and ideality factor (n is; 1,2 - 1.35), 

Chapter 3 presents the DOS calculated by doing SCLC, 

c(V), C(tO ), c(T) and ICTS measurements on these Schottky 

diodes. The DOS obtained from different methods are found 

1 6 17 1 3 

to be in agreement with each other (g(Ep) 10 - lO"^ eV" cm"*'^) 



CHAPTER 1 


INTRODUCTION 


Among the many amorphous semi con ductors, hydrogenated 

amorphous silicon (a-Si:H) prepared by the glow discharge 

of the silane (SiH^) gas is one of the most widely studied 
. 12 3 

material.' ' It is one of the few amorphous materials 
v/hich/ when prepared under suitable preparation conditions 
(e.g,/ high substrate terrperat-ure (T ))^ can be efficiently 

iD 

4 5 

doped * n(p) type by mixirig a suitable <^pant PH 2 (B 2 Hg) 
to SiH^ (see Fig, 1,1). The doping is possible because it 
has a smaller density of localized states in the band gap 
than the other amorphous materials. It is now well recog- 
nized on the basis of the evidence provided by IR spectros- 
copy ' / nuclear e:>{periments, ' ' hydrogen evolution ' ' 

and electron spin resonance that a-Si:H owes 

this remarkable property to the presence of hydrogen in its 
network. Hydrogen, not only reduces the density of states 
by compensating the dangling bonds but also modifies the 

structure possibly leading to strain relieved internal 

1 5 

surfaces as hypothesized by Phillips. 

The possibility of doping has removed one of the 
main limitations of amorphous semiconductors and opened 
up an exciting new field for fundamental studies and applied 
developments in this material. As a result, a large number 
of electronic, opto-electronic and photovoltaic devices have 








»i%,*i*l t Momm %«»‘$>«r«t»3ni *)> •• 

•»»il iiMot ;>*’«iavMi A| tfiiM.' '«MW»« mm m 

IwfUiUj- i«tli«« It mmf • CM»tl<}«4 that ’ 4 16# K| 

**f mm^rngml ®f iiMiijffi 1 1 i»ii» f»r m tmm pmgts 

pmt iM|»ujrit l«i 4nif. 4 *fi>a S), 



3 


been fabricated using a— Si;H as the basic material* 

However# these technological advances are haiT 5 >ered by- 
problems which reqxiire a more complete understanding of 
the physics of the material. One of the most well 3aiown 
is the light induced changes in a-Si;H# observed by 
Staebler and WronsfeL in 1977?^ They observed that the 
dark conductivity of the material decreases by several 
orders of magnitude when it is exposed to sun-light for 
a few hours. The saitple returns to its original state 
after annealing in dark. Subsequently# a large number 
of studies have been done to identify the origin of -this 
effect and it is found that the effect influences many 
major characteristics of a— Si:H^^ To understand the 
nature of this effect and also for the improvement of 
the devices a detailed knowledge of the electronic struc- 
ture is necessary. Therefore# several studies have been 
undertaken to obtain the density and distribution of 

1 2 27 

localized states (DOS) in the mobility gap of a-Si:H,' 

Spear and LeComber r^rted^® the first results on 
the DOS in a-Si:H, They used a field effect experiment 
in which the Fermi level is moved by application of a 
high electric field through a gate insulator. The restat- 
ing change in the conductivity of the material measured 
using two ohmic contacts# is inteipreted to obtain the DOS 

The DOS obtained by i^ear and Led mber 


in -the mobility gap. 



4 


is shown in Pig, 1,2, It shows a much smaller 
DOS eV”^ cm*"^) near Fermi level (Ep) than the 

evaporated one (dashed line Fig, 1,2) which is :::t 10 eV"* cm ' 
It is interesting to note that because of this high DOS in 
evaporated films (a-Si), one does not get much of a field 
effect. Thus, the DOS data for a-Si in Fig, 1,2 is only 
a lower estimate of DOS, 

This method has since been used by several other 
authors^ and gives about 10^^ - 10^"^ ev”^ cm"’^ states 
in undoped a-Si:H near Fermi level. The details of dis~ 

2 S 

tribution obtained by them, however, differ. The Dundee 
group, for exarrple, finds two peaks in the DOS distribution 

(one at 0,4 eV and other 1,2 eV below the conduction band 

’ 29 30 

edge), which are not observed by others, * Further since 

the field effect measurements might be affected by the surface 

states, one is not sure that the DOS obtained, represent 

29 

the bulk. Indeed, Goodman and Fritzsche have argued that 
this may be quite significant, since in the field effect 
experiment, the current flows in a narrow channel of 
50 — 100 A° width of the material adjacent to the gate. 
Further, the effect of strctural and corrpositional inhomo— 
geneities on this narrow current path should also be consi- 
dered. This will be particularly important if the grain 
boundaries at the interface act as potential barriers. 

Also, the layers of a-Si:H near the interface may, in reality, 
be quite different from the bxalk, since they are grown on 
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an insulator rather than the growing a-Si;H layers! Although, 
31 

Guha et al report that the field effect on their specimen 

measured after heat drying, is the same at the top and the 

bottom surface, there is considerable evidence , that at least 

in some cases, the surface and interface dominate the apparent 

32-34 

bulk properties of a-Si, 

Apart from the neglect of the interface states, the 
analysis of the field effect data suffers from other uncer- 
tainties as well. For exairple, to calculate the DOS, one 

needs to know the field voltage at which the bands become 

35 

flat. Although Weisfield and Anderson ' have suggested a 

method of determining this flat band voltage (^pg) from the 

temperature dependence of the field effect response, they 

assume that the band bending at the interface is independent 

of temperature, which may not be true. Thus the choice of 

Vpg remains rather arbitrary and may lead to errors in the 

calculated DOS. Further, the analysis of field effect is 

based on the assurrption that the mobility edge follows the 

IDOtential V(x) \:pto the surface. This implies that all the 

states are shifted by V(x) without any change in their loca- 

1 

lization and mobility. This may not be justified. 

Thus one has to look for other independent e3<periments 

to assess the extent to which the DOS obtained by the field 

effect e3{periment should be relied rgpon. Several workers • 

have obtained the DOS from the measurements of steady state 

30 36—43 

capacitance and conductance on a-Si:H Schottky diodes, ' 
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These do not always agree with the DDS obtained from the 
field effect. But due to a lack of detailed theoretical 
understanding of the barriers, these DOS also can not be 
tirusted fully. Besides, one neglects the surface states 
and structural heterogeneities and is thus open to a criti- 
cism similar to that of field effect, in this regard, 

Lang et al have used the deep level transient 

•30 44 

spectroscopy (DLTS) to obtain the DOS in doped a-Si :H, ' 

In this technique, the difference in capacitance of a Schottky 

diode or p-n junction is measured, at two suitable time 

intervals, after excitation with a light or voltage pulse, 

as the terrperature is continuously raised. This gives the 

dynamic response of the junction ^ace charge region. The 

results show a minimxjra in DOS which is one to two orders of 

magnitude smaller than the minimum obtained by other methods. 

Further, the minimum in the doped sarrples occurs at ~ 0,45 

below the conduction band. Interestingly, this is the posi- ^ 

2 8 

tion where Spear and LeComber report a peak in the DOS in 

39 

the undoped samples. Lang et al have argued that since 
the DLTS is not sensitive to the surface states, their ■ 
results represent the true bulk DOS in a-Si;H, However, 
in their analysis also, the structural inhomogeneities are 
ignored. Although, the discrepancy is not yet fully resolved, 
it may be related to the fact that the doping can alter the 
DOS significantly. Since DLTS experiments on undoped sarrples 
are difficult to perform, this question might not be easily 
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answered. However/ the steady state capacitance measurements 
39 

by Lang ot al / on an xandoped sanple, also give a DOS at 
the Fermi level which is much smaller than reported by others. 

More recently, the space charge limited currents (SCLC) 

45_.49 

have been used to obtain the DOS in a-Si;H, This met od 

has the advantage that it is not influenced by the surface 
46 

states. The DOS, obtained by the analysis of SCLC is 

usually smaller by a factor of 3 to 5 as compared to that 

obtained by the field effect. This has been taken to be an 

evidence for the contribution of the surface states in the 

4 $ 

field effect ej^eriment. But here again, one assumes that 
the material is homogeneous/ and that the DOS does not change 
from place to place in the sarrple. 

Isothermal capacitance transient spectroscopy (ICTS) has 

50 

also been applied to obtain, the DOS in a-Si:H, In this 
method, a Schottky diode or a p-n junction is used. The 
occupancy of the gap states is perturbed by either applying 
a voltage pulse or shining band gap light. After the excita- 
tion is put off/ the Junction capacitance is measured as a 
function of time, at a constant tenperature. This ICTS 
signal is exploited to get the DOS in the gap* Using this 

method on samples of a-Si:H doped by different levels of P, 

50 

Okushi et al concluded that the DOS distribution is altered 
by doping. Although this method is free from the influence 
of surface states/ the heterogeneities are neglected. 



The thermally stim\ilated currents (TSC) technique 
v/hich is very useful in obtaining information about the 
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51 

density and parameters of traps in crystalline semiconductors 
has recently been applied in a-*Si:H, CChe TSc measurements 

are done in coplanar samples of a-Si:H as v/ell as on the 
Schottky diodes and often show pronounced structures. 

However/ the deduction of DOS by these results is often 
difficult due to (i) the presence of continuous distribution 
of traps (±i) a lack of detailed knowledge of recombination 
kinetics, in a-Si:H, Moreover, the effects of surface states 
and structural heterogeneities are neglected here also. 

Steady state and transient photoconductivity measure- 

57 

ments have also been done in a~Si:H to obtain the DOS and 
it has been shown that the results can be fitted to a DOS 
with sum of two e^Jponentials without any structure. Again, 
the surface states and the structural heterogeneities of 
the material are neglected in this analysis, as well. 

Besides the methods described above, there are other 

measurements from which the DOS has been deduced, e,g,, 

58 

Transient current spectroscopy (TOUR) , Transient voltage 

59 

spectroscopy etc. However, for the discussion of these, 

we refer the interested reader to the relevant papers in 

the recent proceedings of the lOth International Cbnference 

48 

on Amorphous and Liquid Semiconductor i . Clearly, the DOS 
obtained by different workers, by different methods, do not 
quite agree with each other. Since, in order to extract the 
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DOS distribution from experiments/ some sinrplyfying assimp- 
tions have to be made* which may not be the same for all 
the experiments and it is possible that these are responsible 
for this disagreement. Alternatively/ a-Si:H prepared in 
different laboratories might/ indeed, have quantitatively 
different DOS, which might e^^plain the discrepancy. With 
an object to decide between the two alternatives and to 
remove inconsistencies in DOS, various measurement tech- 
niques have been used to determine the DOS in well charac- 
terized thin films of a-Si:H prepared by dc glow discharge 
of SiH^, The content of the chapters are discussed below. 

Chapter 2 contains details of dc glow discharge 
system used for preparation of thin films of a-Si:H, The 
results of structural and electrical characterizations are 
also discussed. 

The results of DOS, estimated in thin films of a-Si:H/ 
by measuring steady state capacitance as a function of bias, 
C(V)/ frequency, cC'-O), and temperature, C(T), on a~Si:H/Pd 
Schottky diodes are presented in Chapter 3. These are 
compared with the DOS obtained from Space Charge Limited 
Currents (SCLC) and Isothermal Capacitance Transient 
Spectroscopy (ICTS) on the same diodes. The assuirptions 
used in deducing the DOS from each of the measurements 
have also been spelled out and the limitations pointed out, 

Singe^ the capacitance measurements give DOS only in 
a small range of energy near Ep, the thermally stimulated 



currents (TSC) are measured in thin films of a~Si;H to 
ascertain and find out structures in DOS, if any. Also, 
by TSC measurements, the DOS at certain energies in the 
band gap are estimated. These results are discussed in 
Chapter 4, A model, to acco'unt for the low tenperatiore 
TSC peak in a-Si:H is also proposed. 

The results of DOS obtained from the low terrperature 
photoconductivity measurements on thin films of a— Si:H are 
presented and discussed in Chapter 5, 

Finally, the resiolts of various measurements are 
compared with each other, as well as with the results 
obtained by others, in Chapter 6, 
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CHAPTER 2 


PREPARATION AI^TD CHARACTERIZATION OF 
a~Si;H FILMS AND a--Si:H/Pd SCHOTTKY DIODES 

2,1 INTRDDUCTION 

In a glov7 discharge apparatus amorphous silicon is 

prepared by the decomposition of silane gas, at low pressure, 

by applying an electric field. Both rf and dc fields have 

1 

been used. Chittick et al were the first to produce a-Si;H 
by this method and they used an rf field which was coupled 
inductively to the discharge chamber. However, since induc- 
tive coupling is difficult to use with a large size reaction 

chamber, the rf systems with capacitive coupling are, some- 

2 3 . 

times, preferred ' , A dc glow discharge is also being 

3 4 

used to deposite a-Si:H films ' . Pure SiPi^ as well as SiH^ 

5 4 

minted with other gases (for instance, SiH^-i-Ar , SiH^vH^ in 

different proportions) have been used for the glow discharge 

deposition. Although, different laboratories using different 

variants of this method have succeeded in making a-Gi:H films 

of good quality having a small nimber of localized states, the 

deposition parameters which yield such good films are not yet 

fully known. It can, however, be said that in all the cases 

a high substrate temperature^' (T •.'ii. 300®C) is necessary for 

s 

producing films of good quality. Some of the other parameters 
which are considered to help in obtaining films of good quality 
are (i) low power (ii) high flow rate , 
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A dc glow discharge system is designed and fabricated 
in our laboratory and highly photoconducting films of good 
quality are produced. 

2 , 2 DESIGN CONS ID3 RATIONS 

The physical pjjoperties of SiH^ are listed in 

7 

Table 2,1 , It is a corrosive and inflammable gas and 
burns at room temperature with a cold blue flame when it 
comes in contact with air. The glow discharge apparatus 
should, therefore, be free from leaks. Our system has a 
leak rate 6- 10*" torr Is” which is quite low . Also the 
metallic parts of the system are made of stainless , steel, 

7 

Table 2.1 : Physical properties of silane 


Molecular, weight 

Specific volume at 70°P, 1 atm 

Boiling point at 1 atmos, 

Freezing point at 1 atmos. 

Density, Gas at 2 0''C 

Specific gravity, liquid at -185® G 

Critical temperature 

Critical pressure 

Viscosity at 15°C 


32.12 

12.1 cu. ft/lb 

-112°C 

-185®C 

1.44 g/liter 
0 , 68 
-4°C 

702.7 psi 
112,4 micropoises 
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2 . 3 GLOW DISCHARGE APPARATUS 

The glow discharge apparatus is shown in Fig, 2,1, 

It has three main parts, (i) Gas handling system, (ii) Reactioi- 
chamber (iii) Evacuation system, 

( i ) Ga s handling system 

This consists of a main cylinder (A, containing a 
mixture of 3% SiH^ 97% 7-vrgon at a pressure i;- 1500 psi) 
an auxiliary/ cylinder (B) v/ith a pressure gauge (PG), a port 
having diaphragm valves and a needle valve (N), Prior to 
the GiH^ discharge the gas mixture is transferred from the 
main cylinder (A) to auxiliary cylinder (B) at a pressure 
15 psi to minimize the danger and to be able to control 
the flow of the gas, to a better degree, through the needle 
valve, N. (This can also be achieved using a SiH_^ gas 
regulator which was not available). 

( ii ) Reaction charrtoer 

A thick walled ( 7 mm thick) pyrex glass cylinder 

of diameter 16 cm (O.d) and length ,-.-.20 cm is used as a 
reaction chamber. An aluminium plate (AL) of .-j-lO cm dia- 
meter is us’.'d as the anode and an aluminium grid (GR) at a 
distance of nr- 2,5 cm as the cathode. The grid helps in 
overcoming the difficulties associated with the charging of 
the glass substrates during the discharge. The substrates 
(SU) are kept about 1 cm below the grid on a stainless steel 
plate (H) which is grounded and can be heated to 500°C, with 
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the help of an internal heater. The tenrperature of the 
substrates (T^) is measured by mounting a chromel alumel 
thermocouple on a dummy s-ubstrate, loaded on the plate (H), 
The pressure is monitored using a thermocouple gauge (VG), 

The evacuation system consists of a 2 stage rotary 
pump ( speed 200 1/min, ) , a high temperature furnace (F) 
and a magnetic isolation cum air admittance valve (MIV), 

Any SiH^ gas which might escape the electric discharge, gets 

9 

decomposed in the furnace, following the reaction 

1000°C 

SiH^ Si -1- 2H^ 

The system is constantly pumped during the operation, 
fhe isolation valve, MIV, placed between furnace and rotary 
pump, is connected in such a way that during an emergency, 
such as a sudden power failure, the pump is isolated and the 
systexn is flooded with dry nitrogen gas, 

2 , 4 SUBSTRc-.TBS 

The substrates used for the electrical and optical 
properties are 0.5 mm thick Corning 7059 glass slides of 
size 1.25 cm x 1.25 cm. For IR spectroscopy and electron 
microscopy, the polished high resistivity silicon wafers 
and carbon coated grids, respectively, are used. 
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2.4.1 S.ubstrates Cleaning Procedure 

( i ^ 7059 glass substrates 

The 7059 glass substrates are first washed in a 
detergent solution, rinsed in deionized water and then 
are cleaned, ultrasonically, in acetone.' Finally, they 
are vapour degreased in isopropyl alcohol, 

(ii) Silicon wafer cleaning 

After washing in a detergent solution as described 
above, the Si wafers are given an etch in 15% solution of 
electronic grade hydrofluoric acid and rinsed in deionized 
water. Then, they are ultrasonically cleaned in acetone 
and finally degreased in vapours of isopropyl alcohol, 

(iii) Electron microscopy grids 

Copper grids having predeposited carbon coating are 
washed in acetone and vapour degreased in isopropyl alcohol. 

2.4.2 Evaporation of Contacts 

About 1 yum thick nichrome is evaporated through a 
suitable mask onto the clean 7059 substrates using an oil- 
diffusion pumped vacuum coating unit with a liquid nitrogen 
trap having a base pressure lo'*^ torr. The thickness is 
measured using a quartz crystal thickness monitor (Edwards 
FTM 3), 

In the gap cell configuration (Fig, 2,2 (a)) two 
coplanar nichrome strips are evaporated, onto a clean 7059 
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glass sixbstratt'Sv with a separation c:'. 1,0 mm* In some 
cases two nichrome strips with a separation ■:^ 2,0 mm are 
used at the top of a-Si.-H films (Pig, 2, 2(b))/ x^ithout any 
significant change in the results. 

In the sandwich configuration (Pig. 2, 2(c)) the 
bottom contact is made by evaporation of nichixime strips 
( 1 , 0 mm wide and 2,0 mm separation). 

2.4,3 SiH^ Decomposition Procedure 

The substrates are loaded on the stainless steel 
plate (H) in the reaction chamber (see Pig. 2,1), 

^ ^ ^ Initial pumping 

The system is evacuated xasing the rotarx^ pxjirp RP 
(Pig. 2,1). Liquid nitrogen is filled in devjars NDl and 
ND2 to avoid contamination of walls of reaction chamber by 

back streaming of oil vapours. Pressure in the system 

—2 

reaches jc, 10 torr in about half an hour. 

( ii ) Pl ushing 

Hydrogen gas is introduced into the system through 
the valve D3 and the system is flushed with hydrogen, several 
times, 

(iii) Baking of the system 

-2 

At Ri: 10 " torr, the reaction chamber is heated to 


2 350°C by putting on the sxibstrate heater. The furnace (P) 
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is brought to -■ 1000°C and the other parts of the system 
are baked using heat lamps and heating tapes. Ba]d.ng is 
continued for about 20 hr after which the pressure becomes 
SkIO torr (at high teirperature) . 

(iv) Cleaning by hydrogen discharge 

The hydrogen gas is introduced through D3 and a 
constant flow is maintained at a pressure 1 torr in the 
reaction chaiuber. To strike the glow discharge, ? high 
voltage is applied between the anode, AL (H.T. ) and the 
cathode, GR, A stable discharge is obtained when a current 
limiting resistance of 40 K rX is used in series and 700 V 
is applied. The discharge of hydrogen is kept on for one 
hour, for the cleaning of the reaction chamber, 

( V ) Glow discharge of SiH^ 

After the hydrogen discharge, all heating is stopped 
except the furnace and the substrate heater. The pressure 
in the system becomes ~ lO ^ torr. The substrate temperature 
is brought to the desired value using the variac controlling 
the substrate heater. This is usually T^ 300'^C, SiH.+Ar 
mixture from cylinder A is transferred to B at a pressure 
't 15 psi, and then A is isolated for the rest of operation. 
The gas mixture is introduced in the reaction chamber and 
a constant flow is maintained at a pressure 1 torr by 
controlling the needle valve N. A high voltage (r? 7 30 V) 
is applied, between the anode AL, the cathode GR and the 
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series resistance ■-v 40 KjI to strike* the discharge. It 
takes about 4 hr to obtain thick a-Si:H films. The 

parameters, associated with the deposition of good quality 
films are summarized in Table 2,2. 

Table 2,2 : Deposition parameters 


‘!i- 

Deposition parameters 

1. 

Substrate temperature (T 

2. 

Pressure 

3. 

Distance between anode 


and screen 

4. 

D, c. voltage 

2. 

Discharge current 

6. 

Power density 

7. 

Deposition rate 


Values 

580 K 
1 torr 
2,5 cm 

460 V 
6, 3 mA 
40 mW/cm^ 
1 A°/s 


2,4.4 Preparation of Schottlcy Diodes 

For the preparation of S^hottky diodes, the surface 
of a-3i:H with nlchrome back contact (section 2,4,2) is 
first etched with 10% electronic grade hydrofluoric acid, 
-hen the samples are rinsed in deionized water, vapour 
'f®9reased in isopropyl alcohol and heat dried at 150°C 
for 2 hr in a vacuum ^ lo"*^ torr. The top contact of Pd 
of bi 100 A° (see Fig, 2, 2(c)) thic3cness is deposited by 
thermal evaporation at a pressure 10~^ torr and substrate 
temperature ts ISO^C, 
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2 , 5 STRUCTURAL CHARACTERIZATION 

2-5.1 Electron Microscopy 

Copper electron microscopy grids coated with carbon 

are used for deposition of about 500 A* thick ai-Si:H films 

for transmission electron microscopy, A Philips (PM 300) 

electron microscope is used, A typical electron diffraction 

micrograph of a-Si;H deposited at T ~ 580 K is presented 

s 

in Pig. 2,3, The micrograph; shows diffused rings character- 

1 0 

istic of the amorphous nature of the sarrples. 

2,5,2 IR Spectroscopy 

1 yhtm thick films of a-SiH are prepared on single 
crystalline Si wafers for IR spectroscopy. The transmit- 
tance is measured between 2 00 and 2500 cm using a Perkin 
Elmer 580 ^ectrophotometer. Typical results for two sarrples 
prepared at T 300 K and 580 K are presented in Pig, 2.4 

3 

(curves (a) and (b) respectively). Absorption bands correspond- 

11 

ing to various modes of vibration of Si-H and Si-0 etc, are 
observed and listed in Pig. 2,4, 

IR Spectra of the sarrples deposited at 300 K have 
absorption peaks corresponding to Si-.H 2 , 

'/Jhile in the sarrples deposited at 580 K, a peak appears at 

—1 

2 000 cm which corresponds to Si-H (stretching mode) , whereas 

other peaks related with SI-H 2 , Si-0 etc. can hardly be 
seen. Thus, the hydrogen is present mostly as monohydride 
in films deposited at 580 K, Also/ the intensity of peaks 



Fig«2«3 I tl«etiDa>B diffr«ctloii nle£i»grt|»li 
of dli«K»sit«d «t 5S0 K 



Curve a: Ts = 300 K 





X z X psm^odep vf^c m) ptxm % ©et s 
l»<?dtan> C*) H^TSf* If * ©*f*lr 

0001 oosi OOOZ 



29 


reduces in samples deposited at 580 K which implies that 

the concentration of hydrogen is lower in sarrples deposited 

at 580 K than those deposited at 300 K. These results are- 

11 1 2 

in agreement with the literature * ^ 


2 . 6 OPTICAL CHARACTERIZATION 

This consists of measurement of optical transmission 
in the v;avelength ( A) range 500 nra - 2 500 nm and gives 
thickness and optical gap of the samples. 


2,6,1 Optical Gap and Thickness, Measurements 

Optical transmission measurements at 300 K are 

carried out on a~Si:H films deposited on 7059 glass at 

58 0 K, using a Varian Cary 17D spectrophotometer, to 

determine the optical gap. The absorption coefficient 

1 3 

is calculated following the analysis of Cody et al using 
the relation which is true in high absorption region ( >yl). 




^ ■ r' 2 I Tr' '2 ~ D 

- C 1 1^2 i '’*^23 1 ® 


( 1 ) 


where T^^ is measured transmittance, C is = 0,96 for 7059 


glass, t ^2 t^^ functions of refractive index (n) 

of a-Si:H and D is film thickness. 


jt^ 2 - i'^2 3l calculated using the refractive 

1 3 

index data of a-Si;H films reported by Cody et al ,• This 

2 ‘ 2 

is not. likely to cause much error since j l'^'’3l 

are not dominant terms as cortpared to exponential term. 


The film thickness D is calculated from the interference 



30 


fringes observed in the transmittance data in the wavelength 
range 900 nm - 1400 nm, using. 


I hit?! 

I 2 


n^ ( 


! 


D 


( 2 ) 


where and -^2 wavelengths corresponding to two 

=^djacent maxima and n^ and n 2 are refractive indices at 

and '^ 2 * Since the refractive index in 900 ~ 1400 nm range 

1 3 

IS approximately 3,5 and is constant, it is assumed that 
n^( = n2 ( ) = 3,5, 

Using D from Eg, (2), is calculated for different 

1 /2 

photon energies (S), A resultant plot of (o-e) vs E for 

a typical sample is shown in Pig, 2.5. It is fitted to a 

14 

straight line following the relation 


CC 


(E-Eq) 


(3) 


The intercept on E axis in Fig, 2,5 gives the optical 

gap Eg to be 1,8 ± 0,1 eV, for the samples at T^ 580 K, in 

3 13 1 5 

agreement with the literature ' ' , 


2 . 7 ELECTRICAL CHARACTERIZATION 


Electrical characterization of the sarrples is done 
by measuring room temperature dark conductivity ( K)), 

photoconductivity ( <’^^*^300 K) ) and <3^^ as a function of 
t :>mperature. Samples are also characterized for light 


induced changes 


16,17 


S~W effect). 


(Staebler-Wronski effect. 
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2 ♦ 7 , 1 Experimental 


Preliminary measurements of K) and K) 

are done in air in aluminiimi box shown in Pig, 2, 6 (a), Light 

is shone from a lOO watt tungsten bulb. Intensity on the 

2 

sanple is 35 mW/cm . For sartples with T Cii 3oO K/ 

o 

o^h^ ;u 1, whereas for 580 K this ratio is usually 

quite high For the measurements in the tsrrperature 

-5 

range 100 K ^ T 430 K and in vacuum -4l0 torr/ a cryostat 

shown in Fig, 2, 6 (b) is used. The sarrple holder is connected 

to the cold finger of the inside chamber containing liq\iid 

18 

nitrogen. An eutactic alloy of In^ 3 *^^^ ^ which gives an 


excellent thermal contact between the sartples and 


cold 


finger is used to mount the sample. Electrical connections 
from the sample holder are taken using teflon insulated v;ires 
to the two teflon insulated f eedthroughs^ at th^- outer chamber. 
Copper rod holding substrate holder has a 20 W heater xv-ound 
around it, Saiaple temperature is measured by a copper cons- 
tantan thermocouple mounted on a glass slide, of the same 
size as the substrate of the sample, loaded symmetrically 
w.r, t, sample on the other side of the sample holder using 
the In Ga eutactic. The cryostat is provided with a quartz 
window through which light can be shone on the sample. 


2,7,2 Resxalts 

All the measurements are done on the sarrples heat- 

4 —6 

dried at 150°C for 2 hr in a vacuum 10 torr. This 
ensures the good reproducibility of the data. 
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(a) Dark con< 


-"dc> 


The samples shov/ linear and symmetric I-V character- 
istics upto electric fields x- 500 - 1000 V/cm, Variation of 
as a function of temperature is shown in Fig, 2.7 for 
the samples prepared at 300 450 K and 580 K, vs 

10 /T for an evaporated Si sample is also shown for compa- 
rison, Films prepared at T 300 450 K and 580 K have 

activation energies of 0.70 eV^ l.OOeV and 0,62 eV respec- 
tively. Table 2,3 summarizes the cm (T) results on these 

dc 

and other sarrples. These results are in qualitative agree- 

2 0 

rnent with the literature . 

Table 2.3 ; Electrical parameters of a-Si;H 


(Sl-lcm-h 


pj^OOO K) 


30 

300 

K 

1. 0x10“® 

0.70 

6. 0x10® 

0 

100 

450 

K 

4 . 0x1 0“^ ® 

1.0 

2.7x10^^ 

5. 0x10"® 

102 

450 

K 

4. 5xl0”^° 

1.0 

O.Oxlo"^ 

5. 0x1 0"® 

120 

580 

K 

5.0x10“® 

0.62 

1.3x10® 

1,0x10”'^ 

183 

580 

K 

6.2x10”® 

0. 62 

1. 6x10® 


186 

580 

K 

4. 0x10“® 

0,62 

1. OxlO® 

2.0x10“^- 

190 

500 

K 

S.Oxlo”® 

0,62 

1.3x10® 

4. 0x10'"'^ 


( b ) Ph otoconductivity ( *^ 2 ^ (300 K) ) 

Samples prepared at 300 K are not found to be 



m 
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photoconducting. The photoconductivity in air ( O" -uOoO K) ) of 

ph 

a few samples praparad at high is listed in Table 2,3, 

( c ) Lig ht induced changes 

16 17 

Light induced changes * are studied in sairples prepared 
at T^ 530 K, These ere found to be small in most of the sarrples, 

o 

Changes in K) from heat dried, (A, annealed at 150“C, 2 hr) 

to ligint soaked state (B, after exposure in vacuum for 2 hr to 
white- light from a lOO Watt tungsten halogen lanp t;:'- lOO mW/cm ) 
range f 2 X)m a factor of 2 tp 15 for various sarrples (see Table 2,4). 


Table 2,4 : Electrical parameters of a-Si:H in states A and B 


B 


Garrple "^dc 

No. (300 K) 

-1 -1 

Cl cm 

(eV) 

(300 K)(300 K) 

_i -1 -1 

/)_ cm cm 

^c 

(300 K) 

--1 -1 
IL cm 

(300 K) 

-1 -1 

-Cl cm 

(eV) 

(300 K) 

,-l -1 

[v cm 

120 

5.0xl0~® 

0.62 

1,3x10^ 1.0x10“^" 1.6x10“® 

' 1.4x10® 

0.65 

7, 0xl0“® 

163 

4. 0x1 0“® 

0.62 

1.0x10® 1.5x10“^ 

' 1.6xlo“® 

l.lxlO® 

0.65 

880x1 0“® 

183 

6,2xl0~^ 

0, 62 

1.6x10® 1.0x10“^ 

^ 7.0x10“^° 1.4x10® 

0.85 

3,7x10“® 

186 

4,0x10“® 

0. 62 

1.0x10® 2.0x10“^^ 

^ 2.5x10“^ 

1, Oxlo'^ 

0.75 

1. 0x1 0“^ 

190 

5. 5x10“® 

0. 62 

1.3x10® 4,0xl0~^ 

■ 2.4x10”^ 

2,4x10® 

0.68 

2 . 0x1 0“^ 


Note, that for one sample a large change in '^^^300 K) (by a 

factor ^--100) occurs rpon light soaking. Results of a typical 

sample are shown in Fig, 2,8, Sanple in state A has 
—8 ^1 *-1 

5x10 .51) cm and Eiii0,62 eV, After light soaking (state B) 
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K) decreases, by a factor of 6, to S.OxlO"^ "^cii 
and E,^ 0. 68 eV, l^on heat djrying at 150°C for 2 hr, 
the sample returns to state A, 


2 . 8 DISCUSSION 

The results of (Table 2.3) are comparable 

2 0 

to those reported by Lecomber et al , In the temperature 

range investigated is singly activated and appears to 

be governed by conduction near the mobility edge following 
2l 

the relation 


^dc = '^min “P ‘ 

where E is the conduction band edge, E,., is the Fermi level 

C -c 

and cr- . is minimiom metallic conductivity and is given by 


^min 


0.06 a 

z 


(5) 


v/here q is electronic charge, z is coordination nimber , 
a is the interatomic distance and h is Planck constant. 

Taking z=4 and a=4 A° we get 10^ il'^cm"”^. 

This value of -'j' . may be a little different than the 
actual value because the temperature dependence of the 
Fermi level (Ej,(T)) has not been taken into account. Ep(T) 
may depend on teirperature due to (i) the statistical shift 
of the Fermi level arising from the non symmetric distribu- 
tion of states above and below Ej,(T) and (ii) the variation 
of optical gap with tenperature which is given by 
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E -E = (E -E ) - Yt with Y= 4.4x10*"^ eV/ above 

C V C VO 

200 K, For undoped a-Si:H, the statistical shift may be 
neglected because Ep(T) is near the middle of the mobility 
gap^^ , , The resulting dependence of Ep(T) on terrperature 
is governed mainly by variation of optical gap with tempe- 
rature, If it is assumed that the variation of the mobility 
gap with teirperature is the same as the temperature depend- 
ence of the optical gap , we have; 

E^-Ej,(T) = E^-Ej,(o)- ^/2 (6) 

where Ep(o) is the position of Fermi level at absolute 
zero and /3 = 2.2x10'""^ eV/K. 

I 

Eg, (4) along with (6), yields : 

= cTq Bxp (- (7) 

4, -*2. -*1, 

where = E^-Ep(o) and cr^ = ®cp '/2'k.'^ 1.5x10 i\, cm . 

This value of is independent of However^ 

23 

in a-Si:H, has been foxond to change with f^E^ . As 

shown, in Table 2,3 cr^ and ^E^ d^end ipon T^, This is 

22 

in agreement with the observation of ^ear et al , who 
also report that c--^ and ■^E^ vary with varying deposition 
conditions. However, two models which may be relevant are 
discussed below, 

22 

Spear et al suggest that with increasing temperature, 
the wavefunction overlap of the neighbouring sites is increased 
and as a result, the mobility edge E^(E.^) ?,hif ts by an amount 
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T towards the center of the gap. They propose that 'A 

which depends on the width of the band tails ^ can have a 

maxirmam value 4.6xl0~*^ eV/K contributing an additional 

factor exp 1 . 5x1 0 and then the 

^ ^in ’c ''^'/ 2 )/kr = 2x10^ cm“^. The 

scatter in c- and ^-E in different sarrples is then 
o O' 

explained on the basis of different degrees of disorder in 
different sarrples, resulting in different widths of the 
band tails. Thus, the sarrples having higher snd 

are likely to have a higher degree of disorder and wider 
band tail. Since sarrples prepared at higher T have smaller 

O 

and , this model irrplies that these have shorter 

band tails, 

2 2 

However, the model given by Spear et al is not 

able to explain the strong decrease of observed with 

2 3 

doping. Doping is e 3 <pected to increase the band tails width 

and should result in a large cr . This and some other observe- 

o 

tions which do not fit the Spear' s model are summairized by 
24 

Fritzs che . An alternative explanation for the variation 

25 

of Cq with 21 E _ has been offered by Tanielian , He points 

out that the observed exponential decrease of < 3 ^ with 2 iE^ 

2 6 

in a-Si :H is governed by Meyer-Neldel rule'^ which is often 
obeyed in heterogeneous systems in which spatial fluctuations 
associated with the heterogeneities must be playing an 
inportant role. Although no quantitative analysis of this 
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model exists at present, this may well be the reality since 
a-Si:H is likely to be heterogeneous material^*^. 

Samples prepared at high are found to be highly 
photoconducting. In these saitples IR spectroscopy shows 
tliat hydrogen is mostly bonded as monohydride and thus, it 
appears that in good quality films hydrogen is bonded mostly 
as monohydride. 

Light induced changes (S-W effect), in our sarrples, 

are smaller than usually seen by others using argon silane 
2 7 

mixture , Hov/ever, it 'is of same order of langnihude as reported 
2 8 

by Guha et al who have used a SiH^-i-H 2 mixture. CFnus, the 
gas composition does not appear to play an important role. 

Other deposition conditions appear to be more important in 
determining the magnitude of this effect. 

2 • 9 CHARACTERIZATION 0 ? SCHQTTKY DIODES 

2*9.1 I-V Characteristics 

Typical I-V characteristics of some of the diodes, 

prepared in our laboratory, for voltages -1.5V .< V ^ 1,5 V 

and teirperatures 300 K T .< 360 K are shown in Pigs. 2,9 

to 2,12, A good rectification is observed. In contrast 

to the results obtained by Ashok et al^^ and Han et al^^ 

31 

and in agreement with Wronski et al and Pietruszko et al 
the current increases exponentially with the voltage as : 


I(V) = I^ [exp(qV/nkT) - l] 


( 8 ) 
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where is saturation current, n is the ideality factor, 
and k is Boltzmann constant. 

Since the mobility of carriers in a-Si:H is low, 

31 

the diffusion theory is likely to hold and thus, is 
related to the barrier height ( by the relation : 

h = ho “P 's) 

3 

The plots of In vs 10 /T for various diodes 

are shown in Pigs, 2,13 and 2,14, The values of ‘Tg are 

estimated from the slope of straight lines in Pigs, 2,13 

and 2,14, Plat band voltage different diodes 

is calculated from = 4 - B “ E . with 

E (■ 3 : 0,62 eV, The constants n 

for different diodes are summarized in Table 2,6 in section 

2,10. These are in agreement with each other as well as 

31 32 

with those in literature * , 

2.9,1 ( a ) Influence of light induced changes in I-V 
characteristics 

I— V characteristics of Schottky diodes are Imown 

3 3 34 

to be influenced by light induced changes (S-W effect) * * 

The effect is reported to be large when the diode is 

33 

exposed to light in open circuit condition , Prom the 
experiments on conductivity in coplanar configurations, in 
states A and B,the Staebler Wronski effect is found to be 
small in our sanples, as already described in section 
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2. 7, 2(c), The I-V characteristics of SchottJcy diodes also 
show a small change upon light soaking. 

Figure 2,15 shows the results. The heat dried state 

Is reached by annealing the sarrple at 150®C for 2 hr in 

vacuum. Light soaked state is after shining i\Ml light on 

the diode (by keeping it in sun light) in open circuit 

condition for 8 hr. The current in forv;ard as xvell as 

reverse bias, after light soaking, is decreased. However 

this decrease is much smaller than that reported by Jousse 
33 

et al . They have suggested that light soaking changes the 
shape of barrier region due to a shift in the position of 
Fermi level and the series resistance of the device increases. 
Clearly these effects are small in our case, 

2,9.1 ( b ) Changes in I~V characteristics of Schot tl cy diodes 
due to sensitivity of Pd on hydrogen gas 

I-V characteristics of a-Si;H/Pd Schottlcy diode 

35 

change when the Palladium is exposed to hydrogen . This 

characteristic of Pd Schott}<y diode 'which is already known for 

crystalline silicon has led to successful fabrication of 

3 6 

hydrogen detector devices using polycrystalline and single 
crystalline silicon. In the present investigation also, the 
I-V characteristics of a-Si;H/pd Schott]<y diode are found to 
be sensitive to hydrogen ambient. 

Results of I-V characteristics with and without the 
presence of hydrogen ambient are shown in Fig, 2,16, A 
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freshly heat dried diode has forward and reverse current at 
1.0 V to be'-9xl0*’^ and~2xlo'"^*^ A, respectively, and recti- 
fication ratio hi 200, After introducing hydrogen gas at 

-1 

10 torr, the forward current shows a veiy^ small increase 
and at 1,0 V is almost unchanged. But the reverse current 
shows a large increase by about 2 orders of laagnitude. At 
1.0 V it increases to-^l,6xl0*" A, thus reducing the recti- 
fication ratio to 6, When the system is evacuated s'ubse- 
-5 

quently, to 10 torr, the reverse current at 1,0 V reduces 
-10 

to 8x10 A, The I-V characteristics are close to the 

heat dried state after the sample is annealed at 100° C for 

-5 

2 hr in 10 torr. Heat drying completely restores the I-V 
characteristics. 

The changes in I-V characteristics of thve diode in 

presence of hydrogen gas can be understood in terms of the 

changes in the work function of Pd upon absorbing hydjsogen. 

Hydrogen reduces the work function of Pd and as a result the 

barrier height decreases , Tnis results in an increase 

of current in reverse bias, and reduction in rectification 

ratio, ■ The reduction in the barrier height is measured 

35 

by Portunato et al by photoemission experiment, also. In 
our case the increase in reverse bias current corresponds 
to a decrease in by 0,2 5 eV. As the systaa is evacuated, 
subsequent to the introduction of hydrogen, the gas is des- 
orbed' and Pd starts returning to its normal phase. Annealing 
at 100 °C for about 2 hr helps Pd to return to its original 
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state and heat drying results in the normal I~V character- 
istics, before eJtposure to hydrogen, 

37 

This explanation may not hold if Pd forms a siliciide 

at the interface. The barrier height is e>?pected to be 

37 

higher (1,05 eV obtained by Tsai et al ) than j.n tne 
present case (t; 0.95 eV) if a silicide formation takes place. 
So we feel that either there is very little silicide forma- 
tion in the present case or that it still permits the 
lowering of the barrier upon exposure to hydrogen, 

2.10 OD NCLUSIONS 

Various parameters of a-Si:H, prepared at T^ 580 K 
are ] isted in Table 2,5. It is observed that these samples 

are amorphous in nature and contain hydrogen mostly as 

—8 *^1 

monohydride. Samples show 5 -6^x10 XL cm with 

n‘E '2::>0,6 0 eV and cr -r- 1=0^ The optical gap is 

° -4 ' 1 -1 
found to be 1.7 — 1,9' eV, di 1 "• 5x10 XL cm 

and is quite high. Light induced changes in our samples 

are small. All these parameters are coirparable with those 

reported by various laboratories on good quality a-Si:fI, 
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Table 2.5 ; Properties of a-Si:H (T^ 580 K) 


SI. No. 

Parameters 

Range 

-1 

± * 

'■dc 

c ^ 1 n -8 -1 “1 

5 - 6 xl 0 cm 

2. 


0,50 eV, lO^ 

3. 

^j^(300 K) 

Z 1 - 5xl0“^ j1I^cm“^ 

4. 

Optical gap (Eq(300 K) ) 

1.7 - 1.9 eV 

5. 

Hydrogen bonding 

- Si-H, 2000 cm“^ 

5. 

Light induced changes 

small 


Pararaeters obtained on Schottky barriers are shown 
in Table 2,6 and are comparable with those reported by 
others. This is an indication of a small number of localized 
slates in our samples which is confirmed by results of other 
experiments as discussed in chapters 3, 4 and 5, 

Table 2,6 : Parameters of a--Si:H/Pd Schottky diodes 


Parameters 


Range of values 


Barrier height ( 

Ideality factor (n) 

Plat band voltage 
Rectification ratio (at 1,0 V) 


O.SOeV - 0.98 eV 
1,20- 1,33 


KJ 0,20 eV - 0,35 eV 

O "5 

10 - 10 
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CHAPTER 3 


SCLC AND CAPACITANCE MEASUREMENTS 
3 . 1 INTRODUCTION 

The distributions- 0 -f density of localized states (DOS) 
in a-Si:H determined by different methods do not cyoite agree 
with each other (Chapter 1). Thus^ there is a lifted to 
measure DOS by as many experiments as possible on a given 
sample to chech whether the disagreement is because of 
various assumptions which one makes in arriving at DOS from 
the different experiments Tcrr whether the samples themselves 

are different. Such studies have been undertaken recently ' . 

—2 2 

vie use well characterized Sphottlcy diodes (areaJb 1, IxlO cm ) 
for determination of DOS by measurements of steady state 
c&ptci Itnce And isothermal oapacitance transi exit -spectroscopy 
(Id's) And spice chdrge Timited curfonts (SCLC), 

Section 3,2 describes the methods of measurements, 

SCLC are measured as a function of temperature and results 
are discussed in section 3,3, Section 3,4 begins with a 
theory of steady state capacitance. The results of steady 
state civ) f c(t>) and C(T) measurements are discussed in 
section 3,4,3, ICTS measurements are described in section 
3,5, The DOS obtained by different methods are compared 
and the arut.ucTptiic 5 tfte involved in arriving at the DOS are 
spelled out explicitly in each case. 
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3 , 2 EXPERI!'-15NT .-\L 

SCLC, C(V)^ C(^'’) and ICTS measurements are done in 
the cryostat described in section 2,7,1, The results in 
air as well as in vacuum are same. 

For capacitance measurements^ a General Radio capa- 
citance bridge (GR 1621) is used. Care is talien to ensure 
that the lead capacitance is eliminated from the results. 

The time constant of the bridge is kept at 0. li and ac 
signal at 15 mV rms. 

3 • 3 SCLC MEASUREMENTS 

One of the straight forward measurements, which can 

be used to obtain the DOS in a material, is the metnod of 

space charge limited currents (SCLC) . -In this method, the 

I-V characteristics of the sample are measured in the high 

electric field region. These non ohmic charact sristics 

are influenced by the traps in the material and can be used 

to calculate the DOS. The method has been applied to obtain 

4-6 

the DOS in a-Si:H using samples with ohmic contacts as 

7 

well as Schottky diodes in high forward bias region . The 
results are similar. In the present investigation a Schottky 
diode configuration is used as this enables us to compare 
the results of SCLC with other experiments on the same diode, 

3 . 3 . i Results and Discussions 

For voltages greater than the current in forward 

bias for all the diodes is fomd to be ^ace charge limited 
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and is proportional to shown in Figs, 3,1 to 3,4. For 

all the diodes, in general, the exponent m decreases as the 

temperature is increased. The values of m are shown in the 

respective figure, for different temperatures. A power 

law dependence in current is expected when the traps are 

3 

distributed exponentially , i.e., 

g(E) = g e^^ -'-(E -E)/'}cT ] (1) 

^O ^ i. c o i 

u’here is a parameter characterizing the trap distribu- 
3 

tion . For such a distribution of traps and a homogeneoujs 

3 

material, the current voltage relationship is shown to be 

^- 1-1 

with C being a constant and d is spacing between electrodes, 

Sq, (2) predicts a straight line for a logarithmic 

-I lot of current and voltage. But, in general, Inl vs InV 

4-6 

plots have not been observed to be straight lines , 
However, attempts have been made to calculate the DOS by 

4,5 

fitting a straight line in a limited region of the plot ^ , 

.'dthough, the DOS calculated in this manner are comparable 

4 5 

to that obtained by other measurements ' , the procedure 
is questionable. This is because the temperature dependence 
of exponent 1 given by 

1 = T^/T (3) 

is not obeyed as the plots of 1 vs 1/T do not yield straight 
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lines passing through origin. The data from various labo- 
ratories is plotted in Pig. 3,5 to illustrate this point. 

7 

The only exception appears to be the data of Ashok et al . 

But, even in this case, the error bars are too large to 

8 

say, with confidence, that Eg. (3) is obeyed , 

If a constant distribution, g(E) = g^ is 'ssumed, 

3 

the current is related to voltage as follows 

I(V) = kVexp(2 6V/q g^kTd^ (4) 

where K is a constant and is the dielectric permittivity 
of a-Si;H. 

If v/e plot our data as ln(I/V) vs V for various 
fixed temperatures, v;e find that these are not straight lines 

g 

in contrary to Eg. (4), Although Bhattacharv’'a et al find 
ln(I/V) vs V plots to be straight lines at various tempera- 
tures, the temperature dependence of the slope (3), which 
is given by 

S = 2 € /qg kTd^ (5) 

is not obeyed. 

Thus, it appears that neither a constant nor an 
exponential distribution of states can explain the SCLG 

9 

data. Further, Bhattacharya and Narasimhan have shown, 
that for several other distributions (including a gaussian 
and a sum of exponentials) also, I with 1 l/T thus 
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making it impossible to distingiaish between them by such 
arguments. As such, none of these distributions can be 
justified for calculating the DOS, since 1 does not have 
the proper teraperature dependence, 

5 

In this context, the method suggested by denBoer 
appears to be more appropriate for calculating the DOS. 

In this method, although the spatial variation in the DOS 
is neglected, no particular distribution in energy is assumed 
a priori. When the voltage across the sample is changed 
from to the quasi Fermi level 

moves by an amount given by 

^®fn ln(l2V^/I^V2 ) (6) 


Also assuming that all the injected charge goes to 
the traps, we can write (injected charge per unit area 
for a change in voltage ^V), 



v/here is a constant assumed to be 2.0 to account for the 

3 

non uniformity of the space charge . The last step follows, 
if is chosen to be sufficiently small, so that g(E) can 

be taken to be constant between E^^ and -i- Eqn (7 ) 

gives the DOS for small step as 
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The DOS for various diodes deduced from SQjC measure- 
ments are shown in Table 3,1. In some samples Fermi level 
could not be shifted significantly to obtain DOS for energies 
other than E^, However, for diode 129 the DOS covild be 
determined from 0.6 eV to 0,56 eV below and are plotted 

in Fig, 3,6 for different temperatures. This plot is compa- 
rable to that obtained by Marckenzie et al,"^ It can be said 
on the basis of these results that the DOS obtained for 
different temperatures are within reasonable agreement and 
also the DOS increases as one moves towards E^, 

3 • 4 STEADY ST/aTE CAPACITANCE MEASUREMENTS 

3.4,1 Static Capacitance of a-Si:H Schott^ Di odes : 

Capacitance m-^asurements on Schottky diodes have 

proved useful in determining density of donors and acceptors 

10 11 

in crystalline semiconductors ' , In a-Si:H, since the 

space charge comes mainly from the localized states, the 
measurement of static capacitance on Schottky bari'iers can 
be used to obtain the DOS, as shown below. 

Figure 3,7 shows the metal/a-Si:H Schottlg^ barrier 
v;ith a reverse bias The Fermi level is assumed to be 

flat throughout the depletion region. This assuraption, 
although true at zero bias, may not be justified in the 
presence of a reverse bias. In reverse bias, a splitting 
of Fermi level will take place and the position of the quasi 
Fermi levels will be governed by the caputre and emission 
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mechanism of the carriers in the localized states. However, 
we have assumed a flat Fermi level, even in presence of 
reverse bias, for the reasons of simplicity and because the 
capture cross sections are not yet Icnown, with confidence, 
in this material. The electrostatic potential in the 
depletion region. i-s denoted by v(x) where x is the distance 
from the metal/semiconductor interface. The energy of 
electron at the edge of conduction band in depletion 


region is taken to be E (x) = E + gV(x}, At the inter- 

"" c c 

face the conduction bandris at E q V , where V is the 

C 3 S 

sum of and V^, It should be noted that V(x) is actually 

negative for upward band bending, whereas we have treated 
it as though it were positive. Accordingly, the one dimen- 
sional Poisson's equation is given as 


^?V{x) f(x) 


(9) 


where f (x) is the space chairge density in the depletion 
region. As depicted by shaded area in Pig. 3.7, it comes 
mainly from those localized states whose occupancy has 
changed on accoiont of having been pulled above the Fermi 
level. Neglecting the free carrier contribution, which is 
likely to be small, P(x) is given by 

fCx) = q j[f(E,Ep,T) - f {E,Ej,-qV(x),T) ] g(E,x)dE 

— <x; 


...do) 
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Using zero tenperature statistics, f(E} becomes a 
12 

step function , and if g(E,x) is. assumed to be independent 
of X, Eq, (10) reduces to 

E„ 

F 

^(x) = q i g(E) dE (11) 


q j g(E) dE 
Ep-qV-(x ) 


Here, although approximating f(E) by a step function 
is not likely to cause much error, taking g(S,x) independent 
of X may not be justified. Besides neglecting heterogenei- 
ties, this also implies that the states at the surface have 
the same distribution as in the bulk. 

With p(x) given by Eq. Cll), the Poisson's equation 
(9), when integrated with the boundary r;oaiditio-ns. 


v(0) = Vg, V(<>^^-) = 0 and 


= 0 


X= Th t 


yields 


r 


^ v=v 

X 


V E„ 

-* 2..q [ ! g(E) dE dV | 

€ j J I 

0 Ep-gv I 


1/2 


( 12 ) 


(13) 


where V = V(x) and the negative sign is chosen for 

' 'X 

consistency. 

Eq. (13) can be integrated once again to give 


Vc 

f 


V 


dV 


X 


r 

. 


6 

I J 

rs F 

g(E)dE dV 

' 

0 : 

Ep-qv 


T/2 


(14) 
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The static barrier capacitance per unit area at 


C(0/V ), is defined to be 


C(0,v^) = 


( 15 ) 


The total charge Q in the depletion region is given 


by 


oc 


oc 


Q = j f (x) dx = t 1 V dx = 


1 ^ ^ 

2 

■> <i)X 

0 


(5x I 


(16) 


v=v„ 


where Eqs, ('9 ) and (12) have been used, 

Cbmbining sqs, (13)^ (15) and (16), we obtain the 

expression for the static capacitance 


E, 


j g(E) 


I 2 


dE 


Ej,-3V^ 


C( 0 ,Vg) = 


t ,nS „F 

i 


g(E) dE dV 


TTT 


(17) 


•- 0 Ep-^V 

This can be inverted, using Eq, (15), to obtain the 
DOS as follows 


v_ 


Q 


c(o,v) dV 


(18) 


Using Egs, (13), (16) and (18) 




I i 

0 Ep-qV 


E) dE dV = 


2 qe Lo 


:^s 


-H 2 


j C(O^V)dV 


(19) 



Eq, (19) gives the DOS 


%ion operating with 


dV_ 


in term3 of static capacitance as 


V3 

g(E-qV ) = |(C(0,V^))^ + 5 C(0,V)dV 

4 fe S j 

0 


dc(o,v^)“i 


dV„ 


... ( 20 ) 


Thus, in principle, a knowledge of static c-opscitance 
allows one to obtain the DOS^^. 


Normally, in Schottky diodes on crystalline seraicon- 
ductors, rpon measurements at high frequencies, a lo^v value 
of the capacitance, equal to the geometrical capacitance, 
is obtained. As the frequency of measurement is lowered, 
the capacitance increases as the localized states (which 
are donors and acceptors) respond. The capacitance satu-. 
rates at frequencies which are low enough, to allov/ the 
response from all the states. This is, then the static 
value of the capacitance. However, in the case of undoped 
a-Si:H diodes, no saturation of capacitance at low frequen- 
cies has been observed, although the measurements have been 

-3 14 

made tjpto frequencies as low as 10 Hz , Prom the estimates 

of response time of the deepest states, one expects, to reach 

-5 15 

the saturation of the capacitance below lO Hz , Measure- 
ments at such low frequencies are difficult to perform and, 
in the absence of the knowledge of static capacitance^ the 
analysis described above can not be directly applied. This 
difficulty is further coirpllcated by the fact that -a-Si : H 
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is a high resistivity material and therefore, the dielectric 

relaxation effects start affecting the results, at forward 

biases The latter difficulty is overcome by making 

measurements in the zero or reverse bias configuration. 

This ensures that the barrier resistance will remain higher 

than the bulk. The problem related with the inability to 

measure the static capacitance has been taken i:^) by several 
15 16 17 

authors ' ' . The approach is similar for all of them 
and allows one to obtain the DOS near Permi level from the 
low freguency capacitance data without having to reach a 
saturation. We describe below, briefly, the model and point 
out the eguivalence of the results obtained by various 
authors, referred to above, 

3.4,2 DOS From Low Freguency Capacitance 

In a Schottky barrier, the separation between conduc- 
tion band and the Permi level, in depletion region, progres- 
sively increases as one moves from the bulk tov/ards the 
metal/semiconductor interface. The tiitie constants ( "C ) of 
states at the Permi level in the depletion region are given 
as 

t = f exp -jfE (x)-Ep)/kT}, E (x) = E + qV(x) (21) 

where = 1/t? , \> being the atteipt to escape frequency, 
usually chosen to be the phonon frequency 10^^ Hz), Thus 
the states, lying closer to the interface in the depletion 
region, have longer time constants, and by lowering the 
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frequency of measurement ) one probes the states at the 

Fermi level closer to metal/semiconductor interface. In 

parti cular< for any frequency there exists a x^ where the 

condition = 1 is satisfied and^ for distances x greater 

than X , This means that most of the states, at 

c 

the Fermi level, lying beyond x > are able to follow the 
modulation at this frequency. For distances x 4 x^ 
and a majority of the states at the Fermi level, lying in 
this region, is unable to respond to the modulation. In 
the intermediate region, the states around x^ respond only 
partially to the modulation. However, the change over from 
responding to non-responding region is expected to be fairly 
rapid since X, depends exponentially on the energy difference 
between the Fermi level and the conduction band. 

Thus, the measured capacitance C(^,Vg) can be thought 
of consisting of the two capacitors in series 

C 4.x = 0 X C 

C r' 


and 


c.. ^ = C(0,v^) x^Cx^W (23) 

c 

where = V(x^) and W is the width of deletion region. 

The resultant capacitance is given by. 


-1 , . N V -I ^-1 

C = Sx^ 


£ + x^ C(0,V^) 
e c(o,v^) 


where x and C(0,V ) are given by Eqs. (14) and (17). 
c ^ 


( 24 ) 
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The value of "V^ can be deduced from Eq, (21) with the 
condition --i'. :r: 1 and is 

r 1 

q V = ;kT In | (25) 

L J 

Ep = ^c'"^'!'^ bulk of the semiconductor. 

Eq. (24) is a general relation obtained for the 
capacitance of a-Si;H Schottl<;y diode without assuming any 
particular shape for the energy distribution of DOS. The 
expressions of the capacitance for various types of distribu- 
tions can be deduced from Eg* (24) with the help of Eqs, (14)^ 
(17) and (25). Before giving any explicit expressions for 
some simple distributions, the limitation of the above 
formulation is discussed. 

This analysis is valid, only in a limited range of 

bias, as high forward and reverse biases may lead to other 

effects not considered here. A forv/ard bias approaching the 

flat band condition might result in injection of electrons. 

In addition the contribution from the states near the inter- 

14 

face might also become significant . On the other hand, 
at large reverse biases, an accumulation of holes near the 
interface may take place. These effects will modify the 
space charge and have not been taken into accoimt in Eq,(ll). 
Also the relaxation effects would become more dominarit in 
large reverse bias, and one may have to work at lower frequen- 
cies, to get any response from the space charge region^ 
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( a ) Uniform distribution 


For a uniform distribution of density af stat-'S (g(U)=g(^) 
the values of and C(o,V^) are obtained vjith the help of 
ECiS. (14) and (17), to be 


X 

c 



(26) 


C(o,V^) = 4/L^ 


(27) 


and 


= i ^ (23) 

Substitution of these values of x and C(o,V ), in Eq, (24) 

c c 

yields 

e 

C(u),Vg) = ^ (2 9) 

L + L In 
o o V 

c 

Using Eg. (29) along with Eg, (25), the following 
expression for the capacitance C(''''\Vg) is obtained 


C( 


' / 


V ) 
s 



q V /kT 

In — — 

- 

in ^ 

•l.U'-o kT 



i 

! 

i 

f 

i 


(30) 


At zero bias, if is the frequency corresponding to 

the time constants of the states at the Permi level located 

near the starting point of the depletion region, i.o. , 

X { = u' ) = W and gV (-« = , x = w) = kT, the e:cpression 

c o ^ c o c 
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for for any f requency 'X- is 


J'jQ \ 

kT In : — ” + 


Substitution of V (Eq, (31) in Eq. (29) yields the 

c 

15 

relation obtained by Viktorovitch and Moddel 


C(6, ) = 


1 + In 


q v^iAT 


In ( '-'■1^/ (j-i ) -1-1 


(3-2) 


The temperature dependence of the capacitance usin?g 
Eq, (30) can be written as : 


(T) 


■ "^CCT) 


(T-T ) 
o 


(33) 


where T - ''--E-cA In ■— ir- and is the freez-e on tc!i'i 5 >erattLre/ 

O F £,) 

i.e., the temperature at which the states in depletion 
region start responding. 


varying slowly wii 


The DOS can be expanded around Ep^ using Taylor' s 


18 

series expansion as follows 


g(E) 


^ ,u E i 


(E E) + 

^ 9 E 


(Ep-E)' 




... (34) 


If the energy dependence ^f gCE) is weak near E— Ep, 
the first two terms suffice, dropping higher order terns and 
using Eq. (34) along with Eqs, (14). (17) ehd (24). the 
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expression for terrperature dependence is : 


(T) ( 


-1 




'7g(E) 


(T-^T )^kln — 
o 




ui lO 


.. (35) 

■fhis expression does not depend on the applied bias 
and is equivalent to the relation obtained by Cohen and Lang^^, 


^ ) E>^ponential distribution 


For exponential distribution of states, v/e have, 

g(E) given by Eq. (1) and quantities x and C(o,V ), in 
q V c c 


the limit 




. c / -I 

m / 


0 


are given as : 


X 


Vg 

Lq exp ( ;('iEp/2kT^) In ^ 

c 


(36) 


C(o,V 


^ exp ■;■-( Sp)2kTQ) ; I 1 
o' ’1 


q V -[ 
.. ) 

2]cT ! 

o ■ 


37) 


For the derivation of Eq. (3 6) and (37), the Sq.(l) 
has been used with Eqs. (14) and (17). The expressions for 
capacitance C(''\v^) can be obtained using Eqs. (24) and (25), 

E 

3.4,3 Results and Discussion of Steady State ; 

Capacitance Measurements , | 

\ 

( 3 ) C-V measurements | 

The results of C-V measurements on various diodes at j 


I 
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10 Hz ^nd 300 K are shown in Pigs, 3,8 and 3,9. These data 
are taken after waiting sufficiently at each bias to avoid 
transient effects described later (section 3,5), 

C-V curves shown in Pigs, 3,8 and 3,9 have a peak 
around 0.1 V for all the diodes. Such a peak has also been 
reported by others^'^’'^^'^'^. However^ the origin of p'eak 
has still not been fully understood. Viktorovitch and 
Moddel^^ attribute the peak to a barrier present at the 
back contact. Snell et al^° have, however, used n"'’ a-Si:H 
at the back contact and still observe the peak. They feel 
that the peak appears when the barrier resistance at forward 
bias becomes comparable to the bulk resistance. At high 
forv^ard biases, a further increase in the capacitance might 
jje indicative of the charge injection or the contribution 
trom the surface states as discussed in the previous section. 
The contribution from the surface states seems to be present 
jn C-T measurements, as described in section 3,4, 3(c), 

Por determination of the DOS from C-V measurements, 
the experimental values of the capacitance are fitted to 
the theoretically calculated ones using exponential and 
constant distributions of DOS, The parameters used to 
obtain the best fit are shown for different diodes in their 
respective figure. As is evident from Pigs, 3.8 and 3,9, 
the observed C-V response can be fitted qualitatively using 
ojcponential as well as constant distribution. This is in « 
agreement with Cohen and Lang^^ who observe that the 




Flf*3,8 I Citp«clta»««r-PoJlt4iHI« «^r«©t«3r£«tl€»« ©f 

dl©d«B «t 3©0 K *s»d iO H* #f #• 139 m4 159. 
mmt Oottmi lined *i» fits &i mpmrlmmx^ml to ex5X'>n«ritl«'l 

arid am«tmnt dist rlbuiti®©# @£ WS tt«©d v>r fitti©® 

tin* data mm mim 



V (Volt) 


icIkottlEy 4i<»4oi C# ^^3 aodi l«S) at 300 K mA 19 «■« Ouiboi 
mmA AnttmA liJmB ^ «iQ>«riMnt«l d«t« to flBqNiiNMiti*! 

mtA eonotoMt Oiftiibutioiio of DOS {»mxmmnltmm mmA for fittijnf 
tlio «lotJk oro «JUn> liotod) 



83 


theoretically calculated C-V response of the diodes, for 
various distributions is essentially same. The DOS at 
Dcrmi level deduced from these results are listed in 
Table 3.1. 

^ ^ C- V ^ me a s urement s 

The frequency dependence of all the diodes studied 

is investigated at 300 K and for the zero applied bias. 

The frequencies of the modulating signal are varied in the 

range 10 ^lo"^ Hz and the magnitude of the signal is 

= 15 mV (rms). The results of C-'D measurements on the 

diodes are shown in Figs. 3,10 to 3,13, With decreasing 

'frequencies, the capacitance increases and does not saturate 

up to the .lowest frequency of measurement (10 Hz in this case). 

Capacitance, in the high frequency region, decreases and 

levels off ct the geometrical capacitance of the sample, 

T'-^e results on other diodes show similar trend and are in 

14 15 

a g re omen t with others ' 

To obtain, the DOS from the low frequency capacitance 
data, the experimental values of capacitance xjpto the fre- 
quency 50 Hz are fitted to Eq. 32. The best fits between 
the e.xperiment and theory for all diodes are shown in the 
insets of respective figure. The parameters and 
which give the best fit are listed in the insets and also 
.In Table 3.1, Using from these data, and Eq. (2 8), the 
DOS near Fermi level is obtained. The DOS near E^, obtained 
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from C~ measurements on various diodes are listed in 
Table 3.1 and compare well with the results obtained by 
other methods. This procedure adopted for obtaining DOS 
is similar to that of Viktorovitch and Moddel^^. 

The precision in the determination of is very 

good as it depends weakly on the choice of and V, 

o jdi 

For instance/ for #'159 if v/hich is 0.25 eV is taken to 

be ^.30 eV/ the will have to be changed by 8% to be still 

able to fit the results keeping same. Thus it can be 

safely asserted that L falls for ^ 159 betwen 8.5 and 

o ^ 

9,5 xio"" cm. However the precision in the determination 
of 'Oq is not as good and it has to be changed by about 
100% to fit the data/ keeping same/ when is chosen 

to be O.SOeV. 

( c ) C-T measurements 

Prom EQ, (21) it is clear that the response time of 
the states decreases e^qjonentially with rising temperature, 

ThuS/ as the temperature increases, more states at the Permi 
level in the depletion region start responding and the region 
closer to the interface is probed. Thus lowering the frequency 
and increasing temperature have equivalent effect on the 
response of a-Si:H barrier. The temperature dependence at 

a bias V and frequency c.) is given by Eqs. (33) and (35), 

s 

C-T measurements, in zero bias configuration, on the 
diode #159 are done at 10 Hz, 60 Hz and 100 Hz for ten|)erat^es 
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300 K T 420 K. Measurements of capacitance as a func- 
tion of temperature, are done in reverse bias configuration 
to avoid the effect of back contact# In the zero bias, 
the capacitance increases i:pto 350 K and for T h 350 K it 
shows the signs of saturation as shown in Pig. 3,14. But 
before the saturation is reached, it starts increasing 
rapidly again. A saturation of capacitance is expected 
when all the states in the depletion region are able to 
respond to the modulation^ . A further increase in the 

capacitance is probably because of contribution from surface 
1 4 

states . 

The results of C-T measurements at 10 Hz for reverse 

bias = 1,0, 2.0 and 3,0 V are shown in Pig. 3, 15(a), The 

R. 

same trend of increase in capacitance with temperature is 

17 

observed, in agreement with Lang et al 

The DOS at Permi level 'is calculated by Using Eq, (33). 

The plots of C^(T) vs T are found to be straight 

lines, with a slope x^7hiGh is independent of the bias, in the 

t erfip e nature range 300 350 K shown in Pig# 3*l5(b)^ 

17 

This is in qualitative agreement with Lang et al # However, 

1 6 ““1 *“3 

we find the DOS at Permi levels 8x10 eV cm whereas 

' , . ,^15 ,,-l -3 

Lang et al obtain the DOS at Fermi level 10 eV cm , 

3.5 ISOTHERMAL CAPACITANCE TRANSIENT SPECTR0S_C0rY 

The isothermal capacitance transient ^ectroscopy 
(ICTS) using a voltage or a light pulse has been developed 



I 



T<K) 


M^l^dKxirVlS* (or O 10 H., • M H« ood 
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and used by Okushi et for finding DOS in a-Si:K. 

In voltage pulse filling, a reverse bias is applied ecross 
the diode to perturb the occupancy of states, Hov;ever/ it 
produces the transient corresponding to the majority carrier 
traps only. In n-type material, for instance, this corres- 
ponds to electron amission from the states in the upper 
half of the gap. In order to create a metastable initial 
condition for the minority carrier traps (hole traps in 
n-type material), one can introduce mobile minority carriers 
by shining band gap light on the sample. Light generates 
electron hole pairs which are subsequently trapped, thus 
perturbing the gap states occupation in the lower half of 
the gap. The emptying of the traps with time after either 
perturbation, changes the junction capacitance whifh when 
measured as a function of time, at a constant temperature, 
produces an ICTS signal. 

Since it is a transient measurement, ICTS is insen- 

17 

sltive to the surface states, just as DLTS is , However, 

ICTS is considered superior to DLTS because in DLTS the 

sample temperature is continuously raised. This thermal 

scanning may lead to error as various parameters of a~Si:H 

may vary with temperature. Since ICTS is done at a fixed 

2 3 

temperature, this problem does not arise , 

3.5,1 Theory of ICTS Measurements 


The transient capacitance at any time is related to 
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the number of electrons in traps (n^) at any time t. Consider 
a trap level, at an energy E, in the band gap, having total 
number of traps per unit volume. The rate of change of 
electrons in traps is given by, following Simmons and Taylor , 


ft 

at 




(38) 


v/here e and are emission rates of electrons and holes 
n p 

respectively from this level. 

Solution of Eq, (38) is given as : 


■' t 


t 


_ ; (e^+e_)<3t ;l \ )e^ exp j (e„-:-e^)dt dt+n^ 

.. (39) 


n^ - exp - •. \<=^-rc , i 5 '=p '■■'t ! '■'^n ''^p \ ^'"‘■‘to 

•t _ j J V ; i 

o - o o . ~ 


where n, = number of electrons in traps at t o, 
to 

Simplification of Eq, (39) with the assumption that 
the e^ and e^ are ind^endent of time, yields 




e N,- - •-! e N, 

"to -f;;- I t -i-~ 

n p ! 


(40) 


If we assume that almost all the traps at energy B 
are filled at t=o, i,e.,n^^ (40) reduces :to 


n 


e N , - e 

_ .J S --S— exp ^-(e„+a„)t\ + 

^ ^n'^^p ' n p J e^-,-ep 


. (41) 


Eq, (41) is derived for a single trap level in the 
band gap. The corresponding equation fgt a*»'^iiH can be 
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written assuming a continuous density of states g(S), and 

e^(E) and energy dependent emission rates for 

2 3 

electrons and holes , 


^t = 


e (E) 

g(E: 


e^TElT-rWr {-(e^(E)-l-ep(E))t;dE-h 


£ 


V 


E 


e^(E) 

g ( E ) dE 


J ^~(e7T^TeJ 

^ n p 


V 


.. (42) 

Since we find vs to be a strai-ght lineCFig, 3,16) upto 

2 3 2 5 2 S 

V_ = 1.0 V, as observed by others also ' ' t 

r\ 

write C^(t)-C^(' :) = Bn^, in analogy with crystalline 


semiconductors and 


E 

..c 


ei,(E) 


f(t) = C^(t)-C^(x-) = B J g(E) 


E 


■ c 

1 


e (E) 


exp t(e„(E)+e (E))t j as + B i e-(3)?:;VET 


E 


V 


(43) 


2 

where C(ofT) is the steady state capacitance, and B=q A /2Vg 
If we assume e^(E) » ep(E), the ICTS signal is given 


as 


E 


tdf(t) _ 
dt 


-B I t g(E) e^(E) exp , 
E 


*e_(E)t i dE 
n ^ 


V 


# • 


(44) 






t cT^ r» Vj^ plot of Sohottiqf <ilo4« 

^ IS# (0«t« io t«k«n ot 300 K ond 10 Ms) 
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The function, e^(E)t exp ;:-ej^(E)t> = G(E,t), will 

have a maxima when e^(E)t = 1 and it can be approximated 
by a delta function as^"^ 

G(E,t) = kT -We-E^) (45) 

and is related to t as : 


= E^-M in ( 


(46) 


The DOS can be obtained by combining Sqs, (44) and (45) 


g(E) = 


kTB 


' tdf (t ) ( 
; dt ■■ j 


(47) 


I tmt 


m 


2 3 2 ^ 

Okushi et al and Balberg et al^ have taken tlia constant 


B 


g . 

= 2V — ' same as that in the ccise of Schottky 


s 


diodes on crystalline semiconductors. This may not be true 
as in the crystalline semiconductors this value of B repre- 
sents the proportionality with the static capacitance. Since 
the value of capacitance used for a-Si;H is dependent upon 
frequency, one should take into account the correction for 
not using the static value. 

Thus, we see that the analysis presented above is a 
considerably simplified solution of a complex problem, • 

Actually, for the calculation of DOS, the Poisson's equation 
should be solved for a time varying space charge in the 

117 19 

Space domain. This needs a lot of computational efforts ' * 

2 ' 

However, Beichler et al have estimated the error caused by 
the use of Eq, (47) instead of the correct ejq^ression for 
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a-oi:H, By solving Poisson's equation in the energy domain^ 
as has been clone in the present study^ they show that Eq,(47) 
will give DOS which may be smaller than the actual DOS by at 
most a factor of 5. 

2*^*2 Results and Discussion of ICTS Measurements 
^ ^ ) Voltage~t ransient 

For studying the voltage transient a reverse bias 
of 1.0 V is applied across the diode^ at 295 K, The m.odu- 
lati.ng signal is of frequency 40 Hz and arrplitude 15 mV (ms). 
The capacitance first decreases due to an abrupt increase 
in depletion width and then increases slowly as the electrons 
in the metastable states, deep in the depletion region are 
emitted. Capacitance attains a saturation after about 100 s. 
The results of voltage transient on diode p: 159 are shoxvn 
in Fig, 3, 17(a). The inset of Pig, 3,1 7(a) shows the plot 
of f (t) vs time. The transient signal corresponds to emis- 
sion of electrons from the traps in the ipper half of the 
17 

gap. 

The DOS at different energies using Eqs, (46) and 

1 6 **1 —3 

(47), is calculated and found to lie between 2x10 eV cm"” 

and 3x10^® ev“^cm“^ for energies 0.75 eV E -^0,85 eV below 

14 — 1 , , _ 

E . i' is assumed to be 10 s which is same as taben for 

c’ 

fitting the C-V data and is close to the value taken by 
Lang et al^*^ to fit their DOTS results. 





-■ '-iJ Ka e(^eeit«ssc® sis««l of 

‘..fc.V i:;*:rturisa':lo*i ©J oocj^^'ti-on o£' ^a'tais V^. •» 1.,; 

j'.'i.'’,'* v)„i7 t 'JO Ks tr*nst®i*t c«jp<»Gitance sig»al s.-^Hs'^yp^l rjc-'ictfAy 
C,iG..», ../T iawrcurii^llaia oSf ©«c«s»®tio» ©f ®t*taa by light; at » .i«t' V. 
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^ ^ ^ Licrht transient 

Transient capacitance with light pulse excitation 

is studied by shining light on the diode-#-' 159 from a 100 

watt tungsten lamp^ for 5 minutes. The diode is kept in 

reverse bias of 1,0 V, The time of exposure is kept long 

to ensure the filling of traps completely as pointed out by 
17 

Lang et al , As the light is shone/ the capacitance 
increases to a high value due to a sudden decrease in deple- 
tion width, .After the li^ht is put off, the capacitance 
falls rapidly in the beginning and then decays slowly owing 
to an increase in depletion width. The transient signal 
measured at 40 Hz, as shown in Pig, 3,17'(b)/ is due to the 
net hole minus electron emission and corresponds to hole 
traps in n-type intrinsic a—Sl; fit) as a function of 

time is shown in the inset of Pig, 3,l?'(b), 

The decay time is quite long in case ©f light pulse 

excitation and is a direct evidence of presence of deep 

t3''aps in a-Si:H, For ealsulation of DOS from capacitance 

data with light pulse exfitation, the Eqs, (46) and (47) 

are used and yield DOS lying between 3jcl0 ev' cm' and 

1x1 0^"^ eV'“^cm"'^ in the energy range 0,9 eV ^1,0 eV 

below E , 
c 

3.6, SUMMARY AND CONCLUSION 

Table 3,1 shows clearly that the parameters, (e,g*, 

. n, # , ) of various diodes agree with each other» This 
B 



•Table 3,1 i JX)B in a**SijH obtained by different meast^rments 
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snows a good reproducibility of these diodes. Also the 
-DOS obtained by SCLC, G(V), c(T), and ICTS measure^ 

ments are also in Qualitative agreement with each other 
-L-Or each diode. Considering the different assumptions 
involved in arriving at the DOS from each of these ej^jeri- 
monts, this agreorent seems a bit surprising, A more 
detailed discussion is presented in Chapter 6 
Oi- this thesis , However/ v;e can say that these results 
' re Indicative of the validity of the approximations used 
to deduce the DOS from the data/ at least when the DOS 
lies around g(Ep) n.; - 10^*^ em~^ eV“^/ as in the 

present case. 
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chapter 4 


THERM , ally stimulated currents in a~Si;H 

4 , 1 INTRODUCTION 

The thermally stimulated currents (TSc) technique 

has proved very useful in obtaining information about the 

1 •*.1 

traps and their parameters in crystalline seraiconductors, ~ 

In this method, the traps in semiconductors are filled by 
excitation (by light or a high electric field) at a low 
teiiperature and then the excitation is put off. If the 
temperature is low enough the carriers remain trapped even 
in the absence of excitation. The temperature of the semi- 
conductor is then raised at a constant rate and as a result 
the carriers are freed. The liberated carriers contribute 
to an excess conductivity, measured as an excess current in 
the presence of an electric field. This excess current when 
measured as a function of temperature during heating, is 
Icnown as the TSC curve. A single trap level in the semi- 
conductor shows a peak in TSC curve at a tenperature which 
depends upon the energy of trap level, capture cross sections 
of the traps and the heating rate. By making suitable assump 
tions about trapping kinetics, the position of trap level 
and its capture cross sections can be determined by varying 
the heating rate?'"^'® If there is a discrete distibution 
of traps in the material, the TSC may show several peaks or 
a structure corresponding- to the distribution of the trap 
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depths. These peaks can be separated by using a technique 
called step heating ' which consists of measuring the TSc 
while the sample is heated to successively higher tempera- 
tures in steps. After each step the sample is cooled back 
to the lowest temperature. The carriers from deeper traps 
are liberated progressively and the logarithmic plot of the 
TSC as a function of 1/T is expected to yield a straight 
line for each step. It' s slope is directly related to trap 

depth^. Other methods of analysing the TSC data use the 
6 5 

peak position and their detailed shape, Hov/ever, with the 
exception of the heating rate and the initial rise analyses, 
most of these are dependent on the recombination mechanism 
of the carriers, 

TSC measurements in the case of disordered solids, 
have been done mainly on chalcogenide glasses and have not 
yielded much information, This is mainly because the 

carriers in the chalcogenide glasses have usually small 
drift range (Schubweg) and that their drift mobility is 
small a-Si:H which is relatively free from these 

18 —' 

difficulties, has recently been studied by this technique. 

In the present investigation also, the TSC measurements have 
been done on a-Si:H and the experimental set up used for 
the measurements of the TSC in a-Si:H is descrj-oed in 
section 4.2. Section 4.3 contains the analysis of the TSC 
measurements for a single trap level as well as for a conti- 
nuous distribution of traps; 
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In section 4,4 we give the results of the TSC 
measurements on heat drieci and light soaked states in 
a-Si:H. 

In the interpretation of these results in section 4,5^ 
it is suggested that the observed structure in TSC does 
not necessarily imply a structure in the DOS distribution 
of a-Si;H. 

4 . 2 EXP ERIMENTAL 

Well characterized samples of undoped a-Si;H in 
coplanar configuration (section 2,7) are used -for TSc 
raeasurements. The sarrple is mounted using In Ga eutactic’ 
(section 2,7) on the cold finger of a closed cycle helium 
refrigerator (CTI Cryogenics) shown in Pig, 4,1, The saniple 
temperature which can be varied between 8, 5 K and 300 K is 
measured and controlled using a temperature controller 
(ilodcil/ DTC 500 hf Lake Shore), Teflon feed throughs are 
used to reduce the leakage current. The sample is cooled 
in dark to 30 K. At this temperature a red light (A-'-670 nm, 
/^30 raW/cm^) from an oriel monochromator is shone on the 
sarr^le for « 30 s. Shorter exposures yielded the same TSC, 
showing that the light induced changes (S-W effect) have 
negligible effect on TSC for this exposure. After waiting 
for 10 min to allow the transients to subside, the sample 
is heated at a constant rate ^ and the TSc recorded with 
an electric field 50 V/em across the sample. The circuit 
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used for measuring TSC Is given in Pig. 4.2(a) and is one 
Oj tho con.'f igurations proposed by Braonlich^ 

T3C and dark currents become comparable near 300 K 
and tlius to separate the TSC peak in this region two almost 
iden L-lcal samples (prepared in the same run) in a bridge 
configuration, shown in Pig, 4,2 (b), are used. Prior to 
each TSC set, the samples are balanced at 300 K using a 9 V 
battery and cooled in dark. The difference between the 
currents of the unexcited samples (called the er 2 x>r signal) 
is measured from 120 K tp 300 K as the samples are heated 
at cl constant rate , For TSc, they are cooled in dark 
and one of them is excited with a red light at 120 K. After 
wa.i.ting for transients to subside, saitples are heated in 
dark at a constant rate , The measured current which is 
the difference in currents of the excited san^le and the 
sample in dark is the required TSC. 

4.3 THEORY OF TSC 

4 ,3,1 S ingle Trap Analysis 

The simplest case is for the material in which only 
one trap level is contributing maximvim to TSc at a time. 
Although a-Si;H has traps distributed throughout the mobility 
gap, it appears to be justified to use the single trap 
analysis to calculate the trapping parameters of a— Si:H, in 
viev/ of the analysis of Simmons (4,3, 3), Thus, we describe 
analysis of a single trap (see Fig* 4,2 (c) to illustrate 
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how the trap parameters can be obtained in this simple case 
from the TSc measurements. It is assumed that the conduc- 
tion is governed only by electrons. Following is the list 
of various symbols used in the analysis, 

q Electronic charge 

Total no. of traps at per cm^ 

E^ Trap depth 

Effective density of states in conduction band 

3 

n^ Total no, of electrons in traps per cm 

n^ Total no, of electrons in .conduction band per cm^ 

S Capture cross section of the traps 

V Thermal velocity of electrons 

Electronic mobility in conduction band 
C Recombination life time 

E Electric field 

T Temperature 

I'"- Heating rate 

t time 

k Boltzmann constant 

C Cross sectional area 

The rate of change of no, of electrons in traps is 

governed by the capture and emission of electrons in traps 

, . . 8 
and IS given as: 

= -n^Sv N exp ^-E^AT] + n^(N^ - n^> Sy (1) 

dt 



Ill 


The number of electrons in conduction band is 
controlled by the following equation 


dn 

n 

dn 

G. _ 

c 


dt 

t 

dt 


(2) 


Eqs. (2) and (3) can be solved® to obtain the n^ 
for two special cases (i) slow retrapping and (ix) fast 
retrapping. 


^ i ^ Slow ret rapp ing 

Slow fetrapping means that the recapture of electrons 

8 

is less as compared to recombination^ i.e,, (N^-*n^)Sv <0 
W'ith this condition Eq, (1) reduces to : 


dn. 


dt 


-n^ Sv exp )--E^/kT 


(3) 


Int*igration of sq. (3) with the following boundary 
conditions 


n. 


T=T^ = "to "t I = “"t 


(4) 


yields 


n, = n. ^ e3<p 

t to ^ ^ 


«4p 

) - r { ii exp dT ^ (5) 

/ H J 


where v: = N Sy is the attempt to escape frequency and 


T = T + fit. 
o 


P 
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Since the recombination life time t. is ass-umed to be 
n dn 

short ^ result^ from Eq. (2) 


n 


dn^ 


dt 


( 6 ) 


Combining Eqs. (5) and (6) yields an ejqsression for 


n as 
c 


^c = '-""to"' 


T 

■ tt f 


E. 


_ 


kT 


I 

— j exp ^-EytT I dT j (7 ) 


Eg. (7) can be used to obtain the TSc, 1(1), follov’ing 


I(T) = 


n^q M-EC 


= t E/-iC exp 


kT 


JL 

P 


T 1 

exp f-E^/kT rdT I- 


( 8 ) 


Using Eq. (8), the condition for the maxima (peak) 

dl (T) 

in TSC can be obtained with = o and is. 


exp(E^/kT) 



(9) 


Eg. (9) predicts an increase in with increasing 
. Also near T = T^, the contribution from the integral 
on the RfiS of Eg. (8) is small and one has 


( ®t ( 

= h "W - h 

^ m 

Iq = q fj V n^^ E C 


with 
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in'!. (9) and (lo) can be used to calculate "s- and n, if the 

to 

LiV product -of the material is known. 


( ii ) Fast r~et rapping 

Fast retrapping implies that the electronsare retrapped 

0 

before they are able to recombine/ i.e,, (N^-n^)Sv '>); l/^ , 

Because of fast retrapping, an effective equilibrium is 
established between the electrons in traps and those in the 
conduction band, i.e,. 


n N c E. * 

c c , t V 

\ t “ kT ) 


( 11 ) 


Let n be the sum of electrons in the traps and the 
conduction band 


n = n -I- n. (12 ) 

c t 

Prom Eq. (11), it is clear that when N '^'>N exp __t 

^ ^ kT * 

n n, and thus Eq, (2) becomes 

c t 


dnt 

dt 



i 

exp I 


^t 

kT 


(13) 


Eq. (13) when integrated with boundary conditions of 
Cq. (4), gives 


T 

N I ' \ ( 

^t ^to i ~ ItHT > M i 

V. r ’ t 


i 


(14) 


TSC, I(T) obtained by combining Eq. (H) and (14) 
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is given by 


I(T) = 


q ;j n, N EC 
to c 

N, 


; It 

I *■ kT 


N 


T 

r 

i 


E 


i i" kT j 


The condition for TSC maximum is 


.E 4 . 1 

QXn < — ; — £. V 
( kT f 
m 


N k T 

c m 

\pr.- E, 


(16) 


Eq. (16) implies that T shifts with 6 as before^ 

rn03c ! 

I(T) at T^ is given by 


I (T ) = I exp 

m 0 ^ 1 ^ 


3 

kT 


1 


(17) 


m 


where 


g^to N^/-^-EC 


N, 


Eq. (16) and (17) can be used to determine the TSC 
parameters. 

4,3,2 Differences and Similarities of the TSc Be twee n ^ 
Fast and Slow Retrappinq Cases 

By comparing Eqs, (8)/ (9) and (10) which hold in 

case of slow retrapping with the corresponding ones for 
the fast retrapping, viz,, Eqs,. (15), (16) and (17) 
respectively, we find them to be quite similar. This 
allows us to write the following general equations. 

T 'I 

! E, B P / E, , / 

_ _ I 03^ ^ , (jT y (18) 

^ T 


I(T) = A exp 


{ 


kT 
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exp [ 


E, 


kT 


) 

L 

“! = 


m 


B 



(19) 


and 


I(T ) 
m 


=» A 




( 20 ) 


where A and B are constants whose d^endence on the various 
trapping parameters is given in Table 4,1, 

In literature one normally uses Egs, (18) and (20) 
to obtain the trap depth (E^). Two experimental techniques 
are used, 

( i ) Initial rise method^ 

If T is not far from T^, the integral in Eq, (18) 
may be neglected to obtain 

J(T) = A exp '( (21) 

Thus by heating the sample to a temperature T which 
is not much greater than T^, the slope of Inl vs 1/T is 
expected to yield E^, Since A does not affect the slope, 
the value obtained will be independent of the trapping 
kinetics . 

(ii) Variati on of heating rate 

By performing the experiment with different heat 
rates (p ), Eqs. (19) and (20) can be used to obtain the 
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trap depth as follows : 

(a) If two heat rates and used"^ sq, (19) gives^ 


; T, » / ,6, 

E, = k ( siS-^a ; in / -.1 2m 


T 

2 


2 , 
2 i 


(19a) 


, T ^ , 1 

(b) .’1 plot of In I “ — j vs — “ is expected to be a straight 

" p T 

' m 

line whose slope is related to 

E, 2 

(c) Prom Eq, (21)^ if // 1, a plot of In vs 

m _ m 

is a straight line for different heat rates with slope E^,- 

It is interesting to note that in these cases 
the trap depth obtained does not d^end on the trapping" 
kinetics^ since the constants A and E dok-hot play any role 
in this analysis. 

Whereas it may appear to be advantageous to use 
these methods when the trapping kinetics are not known/ in 
order to obtain the trap parameters other than E^/ one must 
know which of the two cases (whether fast or slow retrapping) 
is applicable. In principle it should be possible to decide 
between the two alternatives fpptrapping kinetics by looking 
at the detailed shape of TSC -and comp'aring with EqdXlQ) *P>ushick 
has shown that for fast retrapping 



m 


where T* is temperature nt which T&G is half of its maxinHsu 



value in the decay region of TSC, In practicey such detailed 
comparison is usually not possible, since for T > other 

g 

peaks usually start appearing, Garlick and Gibson described 
two ways of distinguishing between the slow and fast 
ret rapping, 

^ ) Decay of TSC 

Heating is stopped during the TSC measurements at a 
temperature T and the decay of TSc is observed with time. 

It is argued^ that the decay will be exponential for slow 
retrapping and hyperbolic for fast case. HoV'/ever, this 
holds only for the case of a single trap level. For an 
exponential distribution of traps, a hyperbolic decay will 
be observed even in the case of slow retrapping, 

(ii) Shape of the TSC peak 

It can be argued that in the case of slow retrapping, 
the shape of TSC is independent of n^^ (i.e., initial excita- 
tion conditions, such as, temperature of excitation, inten- 
sity and v/avelength of excitation etc,). However, it should 
depend on n^^ if the strong retrapping takes place. 

Thus it does not seem easy to find out which of the 
two extreme cases, discussed here, is important by measuring 
TSc and one needs information from the other experiments 
before one can determine the trap parameters, other than 
the trap depth, with any confidence. 
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4.3.3 TSc for a Continuous Distribution of Traps 

Problem of thermally stimulated currents in materials 

having continuous distribution of traps has been taken up 

2 3 

by Simmons et al . They consider a distribution of traps 

^■(E) from an intrinsic level E. to conduction band edge S 

1 c 

and assume that the retrapping is negligible. The recombina- 
tion is also neglected since it is assumed that the field is 
high enough to sweep out all the carriers before they recom- 
bine, With these assumptions the rate of change of electrons 
in an small strip dE, in the upper half of the gap is given 
by using Eq. (1), 


<5 



- n^ J exp 



( 22 ) 


n^ can be used from Eq, (5) and then Eq. (22) becomes. 


dn^ 
'■ dt 


- . v exp 


It t 
kT 1 


n 


to 


- 1 
exp - y 

V. r 


T 

I 

T 


t 

exp i - 



dS 


(23) 


where n^^ = £^(2) q(E) with fQ(E) being the initial occupancy 
function and is given by 


f 

o 



vS^ n + V Spp 


(24) 


where S and S are capture cross sections for electrons 
n p 

and holes and n and p are the steady state free electron 
and hole densities. Summing over E in Eq. (23) for the 



contributions from all the trap levels/ 


dt 


E 


V f^(E) 


g(E) 


exp ; - 


"^t 

kT 


1 


T 

( ( 
j V exp i 

T 

o 



J 


... (25) 


The corresponding TSC according to Simmons et al 
is given as 


E 

c 

I(T) = I qdC I P(E,T) dE (26) 

E. 

1 

where d is spacing between the electrodes and the function 
p(E/T) is given by 

ij E 1 '• ( E, ) / 

P(E,T) =Vexpi’-5^~^ j y j-^T ( (27> 

^ T ' J 

o 


The function P(S/T) exhibits a pronounced narrow 

peak whose position E^^^ depends on T and it has a half 

V7idth of 2kT. This important result clearly means that 

during the' thermal scan of the sample in TSC, it is those 

traps oositioned within 2kT of E ^ which contribute 

mn 

significantly to the current at a certain terrperature. In 

view of this, it appears to be justified to apply single 

trap analysis to a-3i;H because each energy level in band 

gap with a half width r-t 2kT can be considered a discrete 

2 3 

trap level. Further Simmons et al have shown that TSC 
in samples which contain a continuous distribution of traps 
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Is proportional to initial occupancy, i,e,^ 

I (T) — i qric O f (E) g(E^„) 

^ w inxi 


(28) 


where D is a constant and is only very slightly temperature 
dependent. 


Eg. (28) implies that TSc provides a direct image 
of the occupied trap distribution after initial excitation, 
i.e., f^(E)g(S), Further the escape frequency (V ) according 
to the model for a system with continuous traps is given 


v;ith 


Y 


V = 10^ 




T ^ T 
3m ^ 


- ^lin^°glo 

Im 



C29^ 


where and. f '2 are two heating rates and T^^^and T^^j^are 

corresponding terrporatures of maxima. 


4 . 4 REG UbTS 

Electrical parameters of samples ( # 183, 186 and 
19 0) used for TSc measurements are shown in Table 2,4 
(chapter 2) in the heat dried (A) as well as light soaked (B) 
states. Pigs, 4,3 to 4,5 show the TSC for three sanples 
(full curves, A and B) along with their respective dark 
currents (dashed curves, A and B) in the states A and B, In 
state A, the TSC shows a, peak at low teirpe^oature (110 Ky- 
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140 K and 120 K for sanples ^183, 186 and 190/ resnectively) 
and then increases monotonically upto 300 K. A peak exists 
near 300 K also/ but can not be seen in this experiment 
because of the large dark currents (see section 4,4,4), The 
TSC reduces considerably in the state B and in the sample 
which shows a large S-W effect, the peak is reduced below 
the limit of detection (see Pig. 4,3), These results are 
in agreement xvith others., ~ If the vacu-um is poo-r 
( -<- lO torr), an additional peak at ~ 200 K appears. This 
peak is observed even without exciting the sample xvith light 
at low temperature. It is probably caused by adsorbates in 

the poor vacuum, since when the vacuum of the system is 

•^5 20 

better (~ lO torr) the peak does not appear. 

Since the TSC results on different sarrples are quali- 
tatively similar, sample 190 is chosen for further experiments, 

4 • 4 , 1 Intensity Dependence of the TSC Peak {‘X. 120 K) _ 

Effect of variation of relative intensities of 
excitation is shown in Pig. 4,6, TSC does not change 

-2 

appreciably upon changing the intensity from P^ to 10 P^ 

2 —2 

(P^ 30 mW/cm ), Below 10 P^# however, the height of the 

peak reduces with intensity but the position of the peak 
.remains unchanged, 

4,4,2 Dependence of the TSC Peak (11 120 K) on the 
Wavelength of Excitation 

To check whether the peak near 120 K arises from the 
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surface or the bulk, light of different wavelengths ( - ) 

is used for excitation of the sample, in state A, The 

results are shown in Fig, 4,7, The intensities of various 

wavelengths are high enough so that the TSC lies in the 

. —2 

saturation region (i.e,, between and lO ^q). is 

observed that the height of the peak is maximum for the 
red light ( A-teTO nm) and the peak reduces to a shoulder 
for the violet light (k-'c:-400 nm). This is because the 
light of high energy is absorbed only in the few top layers 
of a-Si:H due to the 'high absorption constant. This decreases 
affective volume of the sample and hence a decrease in TSC. 
From these results it appears that the dominant contribution 
to the TSC is from the bulk states, 

4.4.3 Electric Field (E) Dependence of TSC Peak (C;;’12p_ K)_ 

A saturation of TSC is observed when the collection 

field is about lOO V/cm as shown in Pig. 4,8 and in the 

olot of TSC at T vs E in Fig, 4,9. 

m 

4.4.4 Results in Bridge Configuration 

As shown in Fig, 4,3, the TSC and the dark currents 
become comparable near 300 K and therefore, the TSC peak 
in this region is resolved by using the bridge configura- 
tion^'^ described in section 4,2. Pig. 4.10 shows the results. 
The technique allows us to see clearly, for the first time, 
this peak near 300 K whose position and height depend on 
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the heating rate ^ , Curve E shows the error signal 
(section 4,2) of the samples in dark and is negligible 
in comparison to TSC. 

4 , 5 DISCUSSION AND CONCLUSIONS 

The appearance of a structure in the form of two 

peaks in TSC in a-SizH seems at first sight to imply a 

structure in DOS in this material. However, we show in 

section 4,5,3 that this is not necessarily so, and an 

2 3 

alternative explanation following Simmons et al adequately 
explains the results. 

As shown in Eqs. (8) and (15), the TSC depends 

the various TSC parameters, e,g., n^^ and V etc,, and 

therefore, a change in the value of these parameters due 

2 4 

to light soaldng may be responsible for reduotion in TSc 
in state B (see also section 4,5,3), 

4 » 5 , 1 Step heating 

To test whether a-Si:H contains a discrete or a 
continuous distribution of DOS^ the step heating analysis# 
described in section 4,, 1, is employed. The results are 
shown in Pig, 4.11 (for low T region) and 4^12 (for high T 
region using bridge)^ The plots of In I vs lO^/T are found 
to be straight lines with slopes ranging from 0.02 eV to 
0.62 eV (i.e., the dark value of E^). It is evident from 
this figure that a-Si:H contains a continuous distribution 
of traps throughout the mobility gap. 
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'Test for a single (discrete) trap level correspond- 

1 

ing to peak f 120 K is also performed on our sarrple by 
heating it at a constant rate p repeatedly to a tenperature 
T below the peak (T -b 12 0 K) and cooling back to lowest 

3 , 

temperature T^. The plots of In I, vs 10 /T are found 
to be straight lines vjith constantly Increasing slopes 
(see Fig, 4,13). Thus/ it appears that the peak at it 120 K 
does not arise from a single trap level. 

4.5,2 Analysis of TSC Peaks 

Simmons et al have given a way to analyse TSC in the 
materials with a continuous distribution of traps. They 
have pointed out that for a sample containing a continuous 
distribution of traps, the maximum contribution to TSC at 
a certain temperature comes mainly from the traps ■which lie 
within- 2 kT of the energy being probed. In view 

of this it appears worthwhile to first analyse the TSC 
results in a-Si;H with one trap level model. 

( a ) Calculation of trap depth (E^ ) 

The results of heat rate analysis (section 4.3.2) 
for lov; temperature peak are shown in Fig. 4.14 and for 
high temperature peak in Fig, 4.10, The plots of Inl(T^) 

3 

vs ghown in Fig, 4,15 (a) and (b) which are straight 

lines as ekPected, The slopes are 0.16 eV and 0,60 eV for 
low and high tenperature peaks respectively. This implies 
that the states contributing maximum to these TSC peaks 
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are expected to be those v^hich are within 2 kT of 0,16 eV 

T ^ 

and 0,60 eV below e^. Plots of “ vs (see Eq, 19) 

r m 

also yield straight lines which show the similar trap depths 
(0,12 eV and 0,60 eV for low and high temperature peaks 
respectively). It may be mentioned that these methods used 
for determination of trap depths are independent of the 
trapping kinetics. 


(b) Calculation of TSC parameters 


We have already shown in section 4,3,2 that 

2 


r E, 


exp 


B kT 


t I _ ~ 

kT ) “ A E, 

m / 1 - 


(19) 


and 


m 


exp 


( 

/ 


kT 


m 


h 

J 


( 20 ) 


with A and B as in Table 4.1, 

From the intercept at 1/T^ = o, A tt; lo**^ and B lo^ for 

—1 9 

tile peak at -"5; 12 0 K and A 10 and B di 10 for the peak 

2 5 2l *"1 

at /t 300 K, Using reasonable values cm v“ s’" 

— 3 

and T 5x10*" s,the various TSc parameters and V 

are calculated for the fast and slow retrapping and are 
listed in Table 4.2, v„ obtained from Simmons* formula 

O 

(E'l, 2 9) is also listed. 


n^ can be obtained for fast as well as slow 
to 

,'trapping and is ^ 10^^ eV”^ cm*"^ for all the cases. 



Table 4.2 : TSC parameteirs of a-Si: 
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How every it may be wrong by about 2-3 orders of magnit^ide 
due to uncertainties in constants A and B. 

can be obtained only for the fast retrapping case 

(Table 4,2). for lov; temperature TSC peak (0,16 eV) is 

19 -1-3 is -1 -S 

■< 10 ey cm and is b:. 10 eV cm” for the TSc peak 

at :b' 300 K (0.60 eV), Although these values are conparable 

vrith the DOS obta inec^ near 0.16 eV (^-^ 10^*^ eV“^ and 

0,60 eV ( lo^^ - lO^'^ eV“^ cm’"^)y they may not represent 

true DOS due to uncertainties involved in the constants A 

and B. 

V is obtained only for slow retrapping case, 

5 —1 

'v A:'- 10 s for low T TSC peak and is quite .small as com- 
pared to value normally encountered in crystalline semicon- 

"1 /I Q "1 *1 

ductors ( A', lo — lO s” ), Therefore, the application 
of slow retrapping for analysing TSC peak 120 K may not 
be justified and it appears that^ at the low temperature, 
retrapping is quite significant in TSC in a-SiiH, V obtained 
for 300 K TSC peak 10^ s"”^ and falls in the range of values 
observed in cirystalline semiconductors. Thus, the application 
of slow retrapping for analysing 300 K TSC peak may be reason- 
able, It may be noted that v obtained using Simmons' 
formula is, cortparable with v obtained fron single peak 
analysis within 1-2 order of magnitude, 

4,5,3 Origin of the Structure in TSC in a-Si:H 

Although a structure in TSC in the form of peaks in 
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1 P 0 

a-Si:H have been reported by various authors ^ f its 

1 8 

origin is not yet fully understood, Fuhs and Milleville 
have attributed it to the structure in DOS r^orted by Spear 

O ^ 

and LeCorrioer. The TSC peak ti- 150 K is ascribed by them 

<2 

to a peak observed near 0,4 eV below in DOS and the 

peak at 2 50 K to the structure in DOS near ~ 0,6 eV below 

9 V IP 

E ‘1 Chenevas-Paule and Dijon also find two TSc peaks 
c 

one near 130 K and the other at ^ 2 60 K. They have attri- 
buted them to the presence of quasi discrete levels in the 
gap. Yamaguchi"^*^ has observed only one peak near ~ 100 K and 
argued that the peak at t 240 K is caused by adsorbates, 
Yamaguchi has attributed the peak at lOO K to the presence 
of a hole trap level near Ci 0, 2 eV above the valence band, 

o i 

Ibaraki and Fritssche observed a pronounced structure 
near is 160 K and ej<plain their results in temis of the 
multiple trapping theory^® They have concluded that the 
structure in TSC does not signify a structure in DOS, All 
authors have observed a strong decrease in TSC arter light 
induced changes (S—W effect)/ however/ no satisfactory 
explanation has been offered for this, 

TSC in the present case shows two peaks,? one at ~ 120 K 

and the other at - 300 K. The low tenperature peak in our 

l8**2l 

opinion is the same as the one reported by others. The 

peak near 300 K (which has been observed by us) is probably 
present in all the other studies also, but might not have been 
seen due to a large dark current near this tenperature. 
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The appearance of a peak near- -300 K which corresponds to 

sta-tes near Fermi level is understandable. However, 'the 

origin of low T peak is not clear. It does not correspond 
1 8 

directly to the structure in DOS reported by Spear and 
Lecomber^'^ since the energy of the localised states respon- 
sible for this peak is "-i; 0,16 eV below E^, whereas the 

c 

structure in DOS is 0,4 eV below S^. The low T peak cen 
also not be related to the presence of quasi discrete 
levels^^ because the step heating analysis (section 4,5,1) 
shows that there is a continuous distribution of traps. 

The possibility that the peak at low T arises from the 
contribution of surface states to TSC is ruled out by the 
xvaveleng-fch dependence, as ej<plained in section 4.4,2. In 
section 4,3,3, it has been pointed out that in a material 
which has a continuous distribution of states (e.g., a-oi:H), 
the observed TSC is expected to be a direct reflection of 
the initially occupied DOS in the excited state. This 
result although obtained by Siinmons et al^^ in the 

limi't of no retrapping, seems to hold qualitatively in the 
fast retr^pping case also^^ Thus if there is peak in the 
initially occupied DOS, corresponding TSC peak is expected 
eventhough there is no peak in DOS. We show below that the 
product of a fast rising DOS and an exponentially decaying 
occupation function fjE) might be responsible for the low 

T peak. Neglecting the hole contribution, the electron 

, > . • 30 

occupancy function f^(E) above Ej, xs given by 
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fo(E) 


Rn 

Rn4p 


-1 


{ 1 + exp(E- 


■Efn)/3<T 




(32) 


where R is ratio of electron to hole capture cross section 

(R = ^fn ‘Suasi Fermi level for electrons after 

excitation at low terrperature. Fig, 4, 16(a) shows £^(2) 

for = 0.17 eV, T = 30 K (curve I), E^^ = 0.21 ©v, 

T = 80 K (curve II) and = 0,48 eV, T = 200 K curve (III), 

Taking the DOS g(E) (Pig. 4.16(b) full curve) which is 

2 6 

identical to the Spear and LeOomber plot^ between Ej, and 
0,2 eV and is slightly modified in the region closer to E^, 
the corresponding density of occupied states f^(E)g(E) is 
obtained (Pig. 4, 16(b), dashed lines I, II and III), It 
shows in addition to the peak at 0,4 eV corresponding to 
the peak in g(E), another peak near 0,16 eV, Since g(E) 
increases rapidly and f^(E) decays exponentially as a func- 
tion of E in this region, the product f^(E)g(E) has a peak 
0.16 eV although g(E) does not have a peak at this energy. 
Thus according to Eg. (28), a corresponding peak is expected 
in TSC. 

It should be noted that the position of this peak 
should not depend vpon (see Fig. 4, 16(b) so long as 

I >0.16 eV. E^^ is changed by chaning the inten- 
sity of excitation and is found that this results in a 
lower TSC peak but its position is unchanged as expected 
(see Pig. 4.6). However, no TSC peak corresponding to 
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0.4 eV peak in g(E), is observed. Further, it is possible 
that S-W effect may decrease the sharpness in g(E) by 
creating more states in the g'ap. Since the low T peak 
might arise because of sharply rising DOS near band tails, 
the decrease in sharpness may give a smaller peak or no 
peak at all. 
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CHAPTER 5 


PHOTOCONDUCTIVITY IN a-Sl:H 
5 , 1 IN TRODUCTION 

Photoconductivity measurements give the information 
about the recombination Icinetics in semiconductors and have 
been considered an important tool for the characterization 
of thin films of a~Si:H, Steady state and transient photo- 
conductivity (SPC and TPC) measurements have been done and 

1 2 

give a lot of insight into a-SirH ' * The present investi- 
gation concentrates on SpC measurements and therefore, only 
these are discussed in details, 

O 

Spear et al'^ reported the spectral ( ^)/ intensity (F) 
and tenperaiure (T) dependence of photoconductivity ( 
in a-Si:H. In the spectral dependence, the sanples show 
maximum photoresponse for photon energies between 1,8 eV 
and 2 

"ph 

ranging between 0,6 and 0,9 depending ipon P and T , The 
dependence of on T is divided in three regions (I, 

3 00 K <;'T ^450 K, II, 2 50 K >4 ^ 300 K and III, T < 250 K) , 

In region I and II the activation energy ( of 

is found to be the same and in the region III it has a lower 
value. The transition from region II to III takes place 
around T 2 50 K, On the basis of these results Spear and 
Lecomber^ propose a model and conclude that the values of 


3 

.0 eV. is found to be proportional to P, i.e, , 

C/:. with y (slope of log vs log P curve) values 
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^ explained by considering the recombination 

of electrons near to the holes trapped near Sy (Chapter 1, 
see Fig, 1.2), Further, it is argued that -ilE is lower 
at low T (region III) because the dominant conduction mecha- 
nism in this temperature range is hopping of electrons in 
localized states near E^. On the other hand the results 
from the other laboratories are in agreement only qualita- 
tively and the inteipretations differ from those by Spear 
et al^' , For instance, Wronski and Daniel' who observe 
that report that i^iE in their sanples is 

greater in region III as compared to region II, They 

7 

explain their results by a model given by Rose and find 
no evidence for a peak in DOS near E (i.e., 0.4 eV below 
E^, see Fig. 1,2 /Chapter 1), Frihs et al^ on the basis of 
the detailed measurements of SPC and TPC conclude that 
there is no evidence for a change from band conduction to 
hopping conduction in the temperature range (100 KR'T;^ 500 I<) 
investigated. 

8 9 

Vanier et al and Persans and Fritzsche have 

observed some new features in of a~Si:H films. These 

are ascribed to what are known as the thermal and infrared 
quenching which have been observed in crystalline semicon- 
ductors also^°^^^. In thermal quenching, a broad peak is 
observed in low temperatures (T hi 12 5 K) and V 

attains a value greater than unity in this range of T. In 
infrared quenching an enhancement or a reduction in of 
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the sample, which is illuminated by a dc light with 
hv )> 1.5 eV, is observed when a chopped beam of ixnfrared 
photons 0.6 eV < hv 1,4 eV is shone, Vanier et al® have 
found that changing the position of towards one of the 
bandedgesby doping with PH^, 0^, and air results 

in the elimination of these effects. This is in agreement 
with the conclusions of Persans also^. Thus, the quenching 
effects are observed only when the dark Perrai level (E^) 
lies near midgap, 

12 

Recently Huang et al have reported SPC and TPC 
measurements at different temperatures and have deduced the 
DOS in the upper half of the band gap from these data. 

Moreover, all these authors have done measurements 

only down to the liquid nitrogen temperature (^77 K), 

13 

Recently, Hoheisel et al have reported the measurements 
of down to 4 K. They report that becomes constant 

and approaches unity for T 50 K, 

In the present investigation, SPC measurements 

—2 

(section 5,2) are done for the intensities 10~ F ^ 

( lo^^ photons cm'’^s**^) and teirperatures 15 kCT^J^SSO K 
in the heat dried (A) as well as the light soaked (S-W effect, 
B) states. The results are reported in section 5,3, 

In section 5,4 the interpretations of the results is 

discussed and the DOS distribution is calculated following 
12 

Huang et al 
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5.2 EXPERIMENTAL 

Undoped samples of a-Si:H with nlchrome electrodes 
in a coplanar configuration (see Chapter 2) are used. For 
the measurements of temperatures, the samples 

are mounted on the cold finger of a closed cycle He refri- 
gerator (see Pig, 4.1), The high temperature ^^^^ure- 

rnents are done in the cryostat described in Chapter 2 
(Pig. 2.6). is measured for the band gap light 

( A 670 nm) which is shone from an Oriel monochromator. 
The intensity of light is varied using neuti'al density 
filters. All the measurements are done in a vacuum 
--/lo*”^ torr. 


5.3 RESUL TS 

The samples exhibit ohmic characteristics in presence 

3 

of light upto the electric field '-i; 10 V/'aa in states A and 
B for the tenperatures ranging from 330 K to 15 K, The 
electrical parameters of the samples are shown in Table 2.4 
( 183, 186 and 190). 


Variation of with terrperature for a-Si :H is shown 

in Fig. 5.1 in the states A (Al, A2 and A3 for ^190, 186 
and 183, respectively) and B (Bl, B2 and B3 for ^ 190, 186 

I 

and 183 respectively), in states A and B, decreases 

3 5 

riv.-notonically with decreasing T, in agreement with others ' ’ 
for all the sarples, irrespective of whether they are 
in state A or B, becomes constant below T 25 K. In 
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, . 5 

contrast with Wronski and Daniel , and in agreement with 
3 

Spear et al , iiiE in our case is highest (t. 0,12 eV) 

in temperature range II (2 50 K < T < 330 K)'(Fig.5.2) and then 

decreases continuously in state A. AE and in 

state B are found to be smaller for 250 K T ^ 330 K, 

However/ 0"pj^ state B is greater than that in state A 

for all the samples below T - 12 5 K. It may be mentioned 

8 9 

that the thermal quenching effects * are not vUsible 
in the entire temperature range. 

The intensity (P) dependence of a typical sarrple 

( ^ 186) at different terrperatures for intensities ranging 

_2 

from 10 F to P is shown in Fig. 5,3 and 5,4'' for states A 
o o 

and B respectively. The temperature dependence of is 
shown in Fig, 5,5, v is ^ 0,72 and 0*80 for states A and 
B respectively near 300 K. It first decreases 'dth a' 
decrease in tam^ratnre "'chen increases • and -becomes constant 
'(0i85 for state A and (y,75 for 'si^ate E) ir] tli.- region) 

(T 25 K) Ivhere is '"•i’ndepeniSent of "te^mperaturb, ^Th’ese'' 

I ' j 12 13 

be-sults 'are in agreement with others. ' 

5 . 4 DISCUSSION 

Our results of temperature and intensity dependence 

4 

can be explained qualitatively by Spear and Lecomber model 
in a limited temperature range (150 K T ^ 330 K) » ^E < 3 >p}^ 
in the region I (150 K ^ T 330 K) is k 0,12 eV (see 
Pig. 5.6) which should be compared with that predicted by 
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the model ( 0,20 eV), Similarly the model predicts a 

square root intensity dependence (i.e. , V = 0.50) while, 

we find that V = 0,60 in terrperature range II. Paul and 
2 

Anderson h.ave, however, argued that the recombination 

path suggested by Spear and Lecomber*^ need not be an unique 

explanation. Other paths (i.e., E to E , E, to S™ see 

C y A .0 

i^ig, 1,2) may match the experimentally observed valiies of 
/llE and >/ , as v/ell. 

However, the results of 3t low temperatures 

are more difficult to explain. Spear and Lecomber'^’ suggest 
that for all T <” 2 50 K, is controlled by hopping of 

electrons near E^ and therefore ^E is 'A; 0,03 eV, 
Although in the temperature range 150 T -^2 50 IC, C3~ph 
in the present case is '-t 0.08 eV (see Pig. 5,2), for T < 150 K 
it is much smaller and then at T f 25 K it becomes almost 
zero. 


1 3 

Hoheisel et al have explained their results 

at low temperatures (4 T 500 K) by suggesting that 

below 30 K, q'ph srises from the therraalization of photo- 
excited carriers in the states above the mobility edges 
before they are localized in tail states and therefore, the 
thermalization time ( rather than the trapping or 

recombination time determines the value of CTpj^* Since 
"^th independent of the carrier density, <rp 2 ^ becomes 
constant below 30 K and V approaches unity. Furthermore, 
"^th depend upon the density of defects but is an 
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intrinsic property of the aitiorphous silicon network, being 
''lete mined by the density of states near mobility edges. 

In the present case also, the value of V is found to be 
approaching unity (see Pig. 5,5) at low terrperatures (where 
becomes constant) irrespective of whether the sample 
is in state A or B. Thus it seems likely that the thema- 
lization of carriers is responsible for the observed 
behaviour of at low temperatures. 

The increase in below ^ 5 ; 12 5 K in state B (S>-W 

effect) shown in Figs. 5.1 and 5., 2 may be related to the 

possibility that after S— W effect, the Fermi level has 

moved towards the midgap and is in a position so tnat the 

thermal quenching^' ^ effects start becoming visible. This 

argument is strengthened by the fact that the tenrperauure 

(■tl2 5), where CTp^ in state B starts becoming higher than 

;-hQt in A (Pig. 5.2), is about the same where a broad peak 

8 9 

lue to thermal quenching in is observed by others.-' 

. vlte rnativelv, it may be that the S-W effect has created 
more states in the gap in such a way that the recombination 


paths, in this range of temperature, are different in states 
A and B, /uiother possibility may be that the thermalization 
time of carriers is changed in state B, since the light 


induced effects may increase the DOS near mobility edges 
(see also section 4.5.4). However, such an increase in DOS 
near mobility edges would decrease the and therefore, 

a decrease in but not an increase, is expected. 
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5.4,1 DOS Distribution From Spc Measurements 

Sven though we find that the Spear and Lecomber 
4 

model can qualitatively explain our results in a liraited 

i-'-oaiperature range/ it does not necessarily irrply that the 

DOS distribution in our case has a structure in the form 

of peaks near E or E (Pia, 1.-2). This argument is favoured 

X y - 

12 

v^hen we find that in agreement with Huang et al the inten- 
sity dependence of ^"5 different temperatures can be 

fitted to the DCS distribution which is sum of two exponen- 
tials without any structure. The two exponentials are fitted 
in different regions of mobility gap, i.e,/ (i) near the 

dark Perm! level and (ii) near conduction band edge 

It may be noted that the exponential DOS is only one 
of the several trap distributions for which P • Tne 

others are gaussian, a s\m of two exponentials etc. 


If we take 


(E -e) / 

c ' 


g(E) = g exp / - 1 

o >- kT ) 


( 1 ) 


v/hcre T is related to V as 
o 


V = 


T-i-T 


( 2 ) 


then V determines the trap distribution in the vicinity of 
the 'luasi Permi level for traps (E^^), This is close to 

12 

the qpasi Fermi level for free electrons a-SiiH , 
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(I’ig, 5,6), (Eq. 2) is obtained by using DOS at 
E,,, c- 5x10^^ eV~^ cm~^ (Chapter 3). 

5, 5 SUMMARY AND CONCLUSIONS 

We thus conclude that in our case the dependence of 
on P and T appears to be governed by two processes in 
Iwo different temperature ranges (i) recombination model 
•suggested by Spear and Lecomber"^ for higher T (T > 150 K) 
(ii) thermal ization of carriers suggested by Hoheisel et al 
for low T (T < 150 K), From the temper^iture dependence of 
y (Pig. 5.5) the transition from recombination limited 
process to thermalization process seems to be taking place 
around T 130 K where V starts increasing with temperature 

We have suggested two possible explanations for a 
larger for T •^'12 5 K in state B as corrpared to that 

in state A, These are (i) shift of Fermi level towards 
mid gap after S-W effect (ii) a change in recombination 
i-^ath due to S-W effect in this range of T, However, at 
present it is not possible to point out specif icly which 
of these is responsible for the observed behaviour. 

Finally, the DOS distribution has been fitted to an 

exponential distribution. For comparison we have also 

plotted the DOS distribution obtained using field effect 

technique by ofners ^ (Fig. 5,7), However, it has been 

14 

n.oted that a gaussian and a s-um of exponentials also 

V 

predict that ^ • Thus a distinction in the type of 

distribution on the basis of intensity and temperature 
dependence of Up^ may not be possible. It can, however/ 



be said uhat the assumption of presence of a structure in 

the form of a peak near 0.4 eV belov7 E (see Fia. 1.2) 

c " 

does not appear to be necessary for fitting the data. 
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CHAPTER 6 


SUMMARY AND CONCLUSIONS 

A dc glow discharge system has been designed and 
fabricated, a-Si;H sarrples prepared by the glow dlsfsharge 
of SiH, mixed with Ar at T 580 K are fotind to be amor- 

4 S 

phous in nature and contain hydrogen mostly as monohydride. 

The sarrples show (300 K) CU 5x1 0”® with 

Ai E^ 0, 6 eV and ^10® cm*"^ (see Table 2,5), The 

optical gap is 1.7 - 1,9 eV and ^ l-5xlo'"la^cm‘'^. 

The light induced changes in dark conductivity (S-W effect) 

in our sarrples are smaller than those reported by others 

1 

in samples prepared using SiH^+Ar mixture, Guha et al who 
prepare their sarrples using SiH^-tH 2 mixture also find a 
small S-W effect which is about the same in magnitude as 
observed by us. Thus, it appears that the gas conposition 
does not play an irrportant role in determining the magnitude 
of the light induced changes. The electrical/ optical and 
structural characterisations ^show that the a-Si:H films 
prepared in our glow discharge systsn are of the quality 
which compares favourably with those reported by other 
laboratories. 

The density of states (DOS) obtained by SCLC/ C(V)/ 
C(d)) and ICTS measuronents on well characterised a-Si:H/Pd 
Schottky diodes are shown in Table 3,1 (for the characteriza- 
tion of these diodes see Table 2,6 Chapter 2), dearly, no 
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serious discrepancy exists between the DOS obtained by the 

different methods on various diodes and we conclude that 

the DOS near Permi level in our sample lies between 
-3 ^ ^ ^ 

eV cm , In view of the limitations and assurrptions 
involved in obtaining the DOS by each of the techniqueir 
this agreement seems a bit sijjjrising. In this context 
following comments may be relevant. 

As argued by other authors, most of the steady state 
m^iasurements are affected by the presence of surface/inter- 
facG states, the only notable exception being the method 

3 

of SCLC, Further, it has been argued that the transient 
measurements, e.g., DLTS, TSCAP (Thermally Stimulated 
Capacitance), ICTS etc, are not influenced by the properties 
of surface/interface. Thus it is generally felt that the 
DOS obtained by the SCLC and transient measurements give 
the true bulk DOS, Let us examine this a bit more closely. 

SCLC measurements have been performed on n'^'-i-n’^' 

3 5 6 7 

structures, ' as well as Schottky diodes' and can also be 

done on pin diodes. We have used the Schottky diode since this 

allows us to compare the DOS measured by SCLC method with the 

4 - , -{* 

other experiments which can not be done on n ~i-n structures, 
denBoer et al® have argued that n''’--i-n'^ structures are 
preferable, since in this case the n"*" contact is injecting 
for electrons and simultaneously blocking for holes. Thus 
in the case of n'^-i-n'*’ sandwiches, the contributions to 
SCLC come only from the electrons, whereas in Schottl<y 
barriers both electrons and holes can contribute to SCLC, 
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.\lthough, striclty speaking, the contribution of holes to 
SCLC should also be considered while analysing the data 
obtained on Schottky diode, this may not cause much error 
in intrinsic a-Si:H, where the holes are minority carriers. 
But, a problem which is common to all the structures is 
that the SCLC data is analysed under a drift approximation 

9 

which needs justification. The drift approximation neglects 
any diffusion wings which may be established near the con- 
tacts, where the currents due to drift and diffusion cancel 
each other. The establishment of such wings will make the 
affective thickness of the aanple smaller than the one used 
for actual calcvilation. This will affe«t the results most 
in the case of thin samples. Although the use of drift 

3 

approximation is justified by observation of scaling 4rule, 
I/d = fiV/d?), where d is the thickness and V is voltage, 

, complete SCLC model involving drift and diffusion will be 
more desirable, 

finally, the analysis ignores the heterogeneities in 
t o material in neglecting the spatial variation of the DOS, 
L.iis is true for all the other experiments as well and 

our opinion, may be the most serious source of error in 
-.■'a DOS calculated from SCLC, because in this measuronents 
tnc whole thickness of the sanple is probed. Ihe hetero- 
-I'eneities may also result in non uniform distribution of 
applied electric field. 
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In the experiments reported here nichrome has been 
used as the material for the bach contact, which does not 
always yield an ohmic contact. Although, care has been 
taken to use only those sairples which have an ohmic -fontact 
at the back, whether it is truley ohmic may be open to 
question. Thus, it appears that the experiments performed 
under reverse bias might be preferred, which makes the 
back contact barrier, if any, inoperative, since it is 
forv/ard biased in this configuration. However, the analysis 
of the capacitance data, described in Chapter 3 (section 3,4)^ 
is based on the assxarption that the Fermi level remains 
flat throughout the deletion region, even in the presence 
of a reverse bias. This assimption is not likely to hold. 

But, Cohen and Lang^*^ have done the analysis for a case in 
whichi the Fermi level is assumed flat only in the tail of 
the space charge region and then remains at the middle of 
_hG gan and fol3''''7s the edge of the conduction band ipto 
'■-he surface. The results -obtained by them are not much d.if*" 
forent from those obtained by assuming Fermi level flat 
roughout the depletion region. Thus, it appears that the 
assumption of a flat Fermi level does not lead to much 
error in the DOS, Moreover, the results obtained by C-T 
inGasurcments, which are done in reverse bias configuration, 
are same as those obtained by C— h measurements, which are 
done at zero bias. Thus, it seems that if there is a 
barrier at the back it may not be effective. 
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/^art from this, the steady state capacitance measure- 
ments are influenced by the surface conditions. This may 

be quite serious, since Pd, which makes the Schottky barrier, 

1 1 

is known to form a silicide near the surface. However, 
in the present case the silicide formation appears to be 
small (section 2, 9), Further, the analysis of the tempera- 
ture dependence of the capacitance, C(T) data, assumes that 
the various parameters of the Schottky barriers, e,g,, 
barrier height etc. do not depend on terrperature. 

On the other hand, the isothermal transient capaci- 
tance (ICTS) measurements C3iiapter 3, (section 3.5) are free 

from these objections. But, here, it is not possible to 

12 

get the DOS close to Fermi level . Also at other energies, 
in order to fix the energy scale (E^-E) one needs to know 
the parameter y (attertpt to escape frequency). This is not 
l-aiown with any precision and its value has been chosen 
rather arbitrarily between 10^^ - 5x10^"^ s ^ by various 
authors. From the TSC measurements (Chapter 4, .section 4.4), 
it appears that V can be lower by several orders of magnitude. 
An order of magnitude error in v will shift the energy scale 
by as much as 2 kT. An additional uncertainty arises from 
the difficulty in fixing the position of Fermi level with 
respect to the conduction band edge. As discussed in 
Chapter 2 (section 2.8) we estimate it by measuring the 
slope of the In plotted as a function of 1/T and cor- 

recting the obtained slope for finite temperature using the 
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temperature d^endence of the optical gap. There are two 
objections to this procedure. First, the teirperature 
dependence of the optical gap need not reflect the tenpera— 
ture d^endence of the position of Fermi level. Secondly, 
any terrperat'ure dependence in the prefactor (e,g, mobility) 
is being ignored, which will change the slope of the 
In vs 1/T plot, especially if the prefactor varies 

exponentially with 1/T, 

Finally, we cortpare the DOS obtained by these methods 
with those obtained by the other transient methods e.g, DLTS, 
TSCAP and TCUR (Transient current). The DLTS measurements 
in doped samples give a DOS which is an order or two in 
magnitude lower than those obtained by other measurements. 

In addition DLTS also gives a minimum in the DOS a? 0,45 eV ■ 
below the conduction band, whereas the other methods do not 
show any such minimum in the undoped samples. One may wonder 
whether the uncertainty in fixing the energy scales, referred 
to above, is responsible for this disagreement. However, the 

4 

values of v used by Lang et al for the analysis of their 
DLTS data is q^Iite high (5x10^"^ s"*^), and it is unlikely 
that >/ is higher than this valtae. A lower value of "V will 
push the minimum towards the conduction band, thus making 
the agreement with other data even worse, 

Okushi et al^^ suggested that the difference between 
DLTS and SCLC results may be due to a positive correlation 
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energy, at the dangling bond level (i*e, near E^~0,5 eV) 

which may cause an increase of the effective deiisi-ty of 

occi?3ied states in SCLC measurements. Recently, however, 

1 4 

Kocka et al found that the spectral dependence of absorp- 
tion coefficient, measured on a Schottky diode in forward 

bias, does not depend on the applied bias, Ihus, they have 

1 3 

concluded that the suggestion by Okushi et al may not be 
true. 

We note that the DLTS experiments have been done 
only on doped samples. This is because in the intrinsic 
samples the Fermi level is too close to the dark Fermi 
level and does not change much after excitation, thus 
making it difficult to make DLTS measurements in such 

4 

samples. We feel that doping changes the DOS in a-Si:H 
significantly. Recently, the transient current (TCUR) and 
transient capacitance measurements on a-SiiH doped with 
Phosphorus have been reported by Beichler et a]?"^ which 
show the same general behavioxir of DOS, as that obtained 
by Lang et al'* from the DLTS measurements. Glade et al 
measured the frequency and temperature dependence of the 
space charge capacitance and found that the DOS curve 
agreed with that obtained for DLTS measurements, for lightly 
doped samples. They, however, note that for moderately doped 
samples with (E^-Ep| <.0,5 eV, there is a strong statistical 
shift of Ep, with ternperature, and this might affect the. 
results obtained by DLTS measurements. Thus it appears that 
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one may not be justified in comparing the results of DLTS 
on doped specimens with those obtained by the other methods 
on the undoped ones. 

It may be worthwhile pointing out that the DOS 

4 

obtained by Lang et al on the iindoped a-Si:H by C(T) 
measurements is also lower than that obtained by the others. 
It is in this context, one may ask the question whether the 
s angles prepared in different laboratories are alike. The 
answer can be given only by ^doing the many measurements 
and the DOS obtained, on one and the -same sarrple as in the 
present study. 

Although the analysis of each e^^eriment has its own 

assTomptions, the DOS, obtained by us from different measure- 

ments, are quite in agreement with each other. This does 

not necessarily imply that these assirrptions are wholly 

justified. It may be that the calculated DOS are not 

affected much by' these assurrptions when the DOS is of the 
1 6 1 7 1 3 

order of 10 - 10 eV” cm" at Fermi level/ as in oiir 

1 6 

sample. It has recently been brought to our notice that 

the diffe rentes in DOS obtained by some of these methods 

start differing more -markedly for samples having DOS at 

15 -1 -3 

Fermi level less than 10 e'V cm . 

In order to obtain the DOS in a-Si;H away from Ej, 
and to see w'hether the peaks in DOS reported by Spear and 
Lecomber can be observed by some other method, thermally 
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stimulated currents (TSC) have been measured. These show 
two peaks? one at 120 K and the other near » 300 K. By- 
doing heat rate analysis jit is found that they arise from 
the states near 0.16 eV and 0,60 eV respectively. The step 
heating analysis shows that a-Si :H has a continuous distri- 
bution of traps without any evidence of discrete levels, 

17 

The analysis of Simmons et al for a continuous distribu- 
tion of traps in the limit of no retrapping is used -to 
explain the origin of the observed structure in TSC, Although, 
the analysis is for no retrapping, it is found by preliminary 
calculations that the general features of TSC will be pres- 
erved if retrapping is included in Simmons formulation, 

17 

Simmons et al point out that the TSC in case of a sarrple 
having continuous distribution of traps refloats the density 
of initially occupied states. In view of this, it is shown 
that the TSC peak near 12G K may arise from the product 
of a rapidly increasing DOS (g(E)} near band tails and 
exponentially decaying occupancy f-unctiony(f(E)), Therefore, 
this peak does not necessarily correspond to a structure 
near -ss 0,16 eV, It is suggested that a decrease in sharp- 
ness of g(E) near band tails due to light induced defects 
(S-W effect) may result in a lower TSC peak or no peak at 
all near 12 0 K, 

While analysing TSc for a sample having a contintjous 

17 . 

distribution of traps (e,g,, a-Si:H), Simmons et al point 
out that it is those traps positioned within 2 kT of a 
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certain energy that contribute most significantly to 

the TSC at a given tenperature T, This implies that each 

energy level in the gap with a halfwidth of ~ 2 kT can be 

considered a single trap. Thus^ using single trap level 

analysis the trap parameters associated with the observed 

TSC peaks have been calculated in the limits of fast and 

slow .retrapping (see Table 4.2, Chapter 4) as a first 

approximation. The values of DOS obtained near 0,16 eV 

and 0.60 eV are somewhat smaller than those reported in the 
1 8 

literature. However, the uncertainties in DOS obtained 
from TSC data may be large because of the approximate 
nature of analysis and the large error involved in the 
determination of constants A and B (section 4.3.3, Chapter 4), 

Further, no evidence for a TSC peak corresponding 
to the peak at 0.4 eV below in g(E) (Fig, 1,2) is found. 

It should have appeared as a shoulder in TSC curve (Fig, 4, IS, 
Chapter 4). However, retrapping can possibly obligerate it. 
Rotrapping seems to be quite significant in a-Si:H especially 
at low temperatures. In our opinion the unusually small 
values of the escape frequency (V ) (Table 4.2) obtained 
using slow retrapping analysis for the low tenperature TSC 
peak is an indication for this. Furthermore, the shape of 
TSC peak depends on the initial excitation conditions (e,g,, 
wavelength of excitation, intensity of excitation etc) which 
is also indicative of strong retrapping* In addition the 
contribution from the surface states to TSC has also been 
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iQrnored. However^ from the dependence of the low temperatuxe 
peak on the wavelength of excitation the contribution 
©■S' the surface states to TSC appears to be small. 


Finally, DOS distribution has been determined in the 
upper half of the band gap (from Ep to near E^) by fitting 
tHe tenperature (T) and intensity (P) dependence of bo 

exponential distributions of states in two different por- 
tions of mobility gap. However, it must be mentioned that 

a gaussian or a sum of exponential also predict that 

/ 

or-ph ue F . Thus the type of distribution (i.e,, whether 
it: is an exponential or a gaussian etc) can not be deter- 
mined on the basis of dependence of on P and T, This 

can, however, be concluded that the assumption of a peak 
at dt 0,4 eV below E^ (Pig. 1.2) is not necessary for fit- 
ting the data. It may also be stated that this analysis 
neglects the influence of surface states and heterogeneities., 

Clearly, the most glaring approximations made in the 
analysis of all the experimental results in a-Si:H are the 
neglect of the effects of heterogeneities and the sur,^ace 
states. Further efforts are needed to develop ^ theory for 
a lunntitative treatment of the effects of heterogeneities^ on 
the various properties of a-Si:H, Since the quantitative 
analysis for heterogeneities appears to ^ ^-ask, 

» ' i* lb h'j, „ I * ^ 

reparation 

with 


an alternative would be to try to 


techniques which give good qualll;^;''?^ 

■■ ■ 

•f '■■■ ■■ 


mlnimtmi or no heterogeneities*. ,s; 



a scope 
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and need for the characterization of the surface of a-Si;H^ 
so that the effect of surface states in the analysis of 
various techniques can be taken into account, A correla- 
tion between the preparation conditions and the surface 
properties of a-Si:H sairples would also be welcome. 

Finally, the TSc measurements have been analysed 
qualitatively considering only one type of carriers and in 
the limit of no retrapping. For a more quantitative under- 
standing, on analysis which takes retrapping into account 
is needed, which has not been worked out so far. Also, 
new ejqperiments which can be analysed with less uncertain- 
ties should be designed and the results conpared with the 
existing ones. We believe that such theoretical and experi- 
mental efforts will lead to a better vmderstanding of the 
properties of a-Si;H, 
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